Louisiana State University

LSU Digital Commons
LSU Doctoral Dissertations

Graduate School

10-21-2018

Thermal and Mechanical Energy Harvesting Using Lead Sulfide
Colloidal Quantum Dots
Taher Ghomian
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
Part of the Electrical and Electronics Commons, Electromagnetics and Photonics Commons, and the
Electronic Devices and Semiconductor Manufacturing Commons

Recommended Citation
Ghomian, Taher, "Thermal and Mechanical Energy Harvesting Using Lead Sulfide Colloidal Quantum Dots"
(2018). LSU Doctoral Dissertations. 4735.
https://digitalcommons.lsu.edu/gradschool_dissertations/4735

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Doctoral Dissertations by an authorized graduate school editor of LSU
Digital Commons. For more information, please contactgradetd@lsu.edu.

THERMAL AND MECHANICAL ENERGY HARVESTING USING LEAD
SULFIDE COLLOIDAL QUANTUM DOTS

A Dissertation
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The School of Electrical Engineering and Computer Science

by
Taher Ghomian
B.Sc., Islamic Azad University-Tabriz, Iran, 2001
M.Sc. Iran University of Science and Technology, Iran, 2004
M.Sc. Louisiana State University, USA, 2017
December 2018

to
My parents

ii

Acknowledgments
First, I would like to express my sincere gratitude to Dr. Shahab Mehraeen for his excellent
mentorship, support, and guidance. His inspiring challenges resulted in the realization of the
present work.
I am grateful to Dr. Orhan Kizilkaya for his invaluable discussions and outstanding
collaboration. Also, I would like to express my appreciation to my committee members Dr. Kevin
McPeak, Dr. Leszek Czarnecki, and Dr. Anton Zeitlin for their invaluable suggestions and
knowledge. Dr. Jin-Woo Choi also deserves my special thanks for the support he provided for this
work.
I would like to extend my appreciation to Dr. Retha Niedecken, Dr. Andrew Mass, Dr. Malcom
Richardson, and Dr. Jerry Trahan for providing suitable and reliable conditions for research at
Louisiana State University.
Dr. Richard Kurtz, Dr. Georgios Veronis, Dr. Kidong Park, and Dr. Manas Gartia are greatly
acknowledged for useful discussions and suggestions on this work. Furthermore, I would like to
extend my sincere gratitude to Chris O’Loughlin, Marvin Broome, Charley Silvio, Dr. Evgueni
Nesterov, and Dr. Sang Gil Youm, as well as faculty and staff of the Department of Electrical
Engineering and CAMD for their technical support and excellent assistance.
Last but not least, I would like to express my deepest gratitude to my amazing parents, my
wife, and my brothers for their support and the sacrifices they made for me in order to accomplish
my goals. Without their support, this long journey would not have been possible.

iii

Table of Contents
Acknowledgments......................................................................................................................... iii
Abstract ......................................................................................................................................... vi
Chapter 1. Introduction ................................................................................................................. 1
1.1
Motivations ..................................................................................................................... 1
1.2
Objectives ....................................................................................................................... 3
Chapter 2. Overview of Energy Harvesting from Human Body .................................................. 6
2.1
Introduction ..................................................................................................................... 6
2.2
Human Body Thermal Energy ........................................................................................ 8
2.3
Human Body Mechanical Energy ................................................................................. 20
2.4
Summary ....................................................................................................................... 39
Chapter 3. Background of Photovoltaic Devices........................................................................ 42
3.1
Introduction ................................................................................................................... 42
3.2
Photovoltaics Based on Colloidal Quantum Dots......................................................... 55
3.3
Summary ....................................................................................................................... 60
Chapter 4. Ligand Exchange Process ......................................................................................... 61
4.1
Introduction ................................................................................................................... 61
4.2
Principles....................................................................................................................... 62
4.3
Solution-Processed Ligand Exchange........................................................................... 64
4.4
Solid-State Ligand Exchange ........................................................................................ 66
4.5
Summary ....................................................................................................................... 74
Chapter 5. The Effects of Isopropylamine on Infrared Photovoltaics Performance .................. 75
5.1
Introduction ................................................................................................................... 75
5.2
Device Structure............................................................................................................ 77
5.3
Measurements and Results ............................................................................................ 81
5.4
Discussion ..................................................................................................................... 83
5.5
Summary ....................................................................................................................... 84
Chapter 6. Energy Harvesting from Body Thermal Radiation ................................................... 86
6.1
Introduction ................................................................................................................... 86
6.2
Thermal Radiation ........................................................................................................ 88
6.3
Photovoltaic Structure Based on Colloidal Quantum Dots........................................... 93
6.4
Measurements and Results ............................................................................................ 95
6.5
Discussion ..................................................................................................................... 99
6.6
Experimental Method.................................................................................................. 103
6.7
Summary ..................................................................................................................... 104
Chapter 7. Hybrid Energy Harvesting Device .......................................................................... 106
7.1
Introduction ................................................................................................................. 106
iv

7.2
7.3
7.4
7.5

Device Structure.......................................................................................................... 107
Working Principles ..................................................................................................... 108
Simulation and Results ............................................................................................... 110
Summary ..................................................................................................................... 115

Chapter 8. Conclusion and Future Works ................................................................................ 117
8.1
Conclusions ................................................................................................................. 117
8.2
Future Works .............................................................................................................. 118
References ................................................................................................................................ 120
Vita ........................................................................................................................................... 139

v

Abstract
The human body is an abundant source of energy in the form of heat and mechanical
movement. The ability to harvest this energy can be useful for supplying low-consumption
wearable and implantable devices. Thermoelectric materials are usually used to harvest human
body heat for wearable devices; however, thermoelectric generators require temperature gradient
across the device to perform appropriately. Since they need to attach to the heat source to absorb
the heat, temperature equalization decreases their efficiencies. Moreover, the electrostatic energy
harvester, working based on the variable capacitor structure, is the most compatible candidate for
harvesting low-frequency-movement of the human body. Although it can provide a high output
voltage and high-power density at a small scale, they require an initial start-up voltage source to
charge the capacitor for initiating the conversion process. The current methods for initially
charging the variable capacitor suffer from the complexity of the design and fabrication process.
In this research, a solution-processed photovoltaic structure was proposed to address the
temperature equalization problem of the thermoelectric generators by harvesting infrared
radiations emitted from the human body. However, normal photovoltaic devices have the bandgap
limitation to absorb low energy photons radiated from the human body. In this structure, mid-gap
states were intentionally introduced to the absorbing layer to activate the multi-step photon
absorption process enabling electron promotion from the valence band to the conduction band.
The fabricated device showed promising performance in harvesting low energy thermal radiations
emitted from the human body.
Finally, in order to increase the generated power, a hybrid structure was proposed to harvest
both mechanical and heat energy sources available in the human body. The device is designed to
harvest both the thermal radiation of the human body based on the proposed solution-processed
vi

photovoltaic structure and the mechanical movement of the human body based on an electrostatic
generator. The photovoltaic structure was used to charge the capacitor at the initial step of each
conversion cycle. The simple fabrication process of the photovoltaic device can potentially address
the problem associated with the charging method of the electrostatic generators. The simulation
results showed that the combination of two methods can significantly increase the harvested
energy.
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Chapter 1. Introduction
1.1

Motivations
Energy sources relying on fossil fuel are the leading contributor to climate change, depletion

of natural sources, and irreversible damage to the atmosphere. The devastating consequences of
the energy sources relying on fossil fuel motivate scientists to do research on alternative
approaches to decrease the demand for conventional deleterious energy sources. Progress in
materials science provides alternative feasible solutions enabling harvesting energy from green
energy sources that are sustainable and renewable. Some of these energy sources are solar power,
wind power, tidal power, geothermal energy, and human power.
The human body is a reliable and available source of energy. Body movements and body heat
are some examples of the available energy sources in the human body that can be harvested. Even
though current technology is capable of harvesting a small portion, this amount provides sufficient
power for low consumption electronics, sensors, data storage devices, and body area wireless
networks [1, 2]. Moreover, daily use electronics, wearable, and implanted devices require reliable
and portable power supply units such as commonly used rechargeable lithium-ion batteries to
operate for a desired period of time. For convenience, it is valuable to partially or fully supply
these electronic devices through harvesting the available energy sources in the human body.
In the current technology scheme, heat energy harvesting devices are usually placed on the
human body to absorb heat by conduction, and through well-known phenomena, they convert it to
electricity by incorporating thermoelectric or pyroelectric effects. Pyroelectric materials are highly
sensitive to time-dependent temperature variations [3-5]. They can generate electric potential
differences across the device when they are subjected to temperature change. However, they
1

require a mechanism to make a desirable time-variant temperature profile on the device which is
not suitable for wearable and implantable devices. Thermoelectric generators (TEGs) are solidstate devices generating electric power from the temperature gradient across the device [6].
However, TEGs require a mechanism to provide a temperature gradient across the device and
prevents temperature equalization.
Radiation is the dominant heat loss mechanism of the human body at room temperature [46].
Human skin can be considered as an almost perfect blackbody radiator in the infrared region which
shows a radiation peak at around 𝜆=9.5 µm. Scavengers based on human body thermal radiation
can address the drawbacks of thermoelectric and pyroelectric generators. They take advantage of
having no moving parts in the structure leading to more durable, easily maintained, and effectively
miniaturized devices. In addition, in spite of the visible light source, body infrared radiation is a
highly available source of energy especially for wearable or implanted electronics. Accordingly,
as the primary objective of this research, harvesting thermal radiation is a valuable research field.
Moreover, as mentioned earlier, the mechanical movement of the human body provides
another reliable source of energy for low-consumption electronics. In the current technology, the
mechanical movement of the human body converts to electricity by incorporating piezoelectric,
electrostatic, electromagnetic, and triboelectric generators. Among, the electrostatic generators can
generate high-density power at small scales; however, they require a start-up voltage to convert
mechanical movement to the electricity. This increases the complexity of the design and the cost
of the fabrication process. Therefore, as the next goal of this research, it is valuable to address the
problem of the electrostatic generators, associated with the start-up voltage.
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1.2

Objectives
The general objective of this work is to harvest available energy sources in the human body in

the form of thermal radiation and mechanical movement. The first step is the development of a
solution-processed colloidal quantum dot photovoltaic device, harvesting energy from thermal
radiation of the human body. However, there is an inherent limitation associated with the bandgap
of the semiconductor materials. The bandgap of semiconductors is not narrow enough to harvest
low energy infrared photons emitting from the human body. This endeavor attempts to address this
issue by suggesting a possible solution. Then, the final work is the development of a hybrid device
composed of the proposed photovoltaic device and an electrostatic generator to harvest both
thermal and mechanical energy of the human body.
1.2.1 The Effects of Isopropylamine on Infrared Photovoltaics Performance
The first task is the fabrication of the photovoltaic cell based on lead sulfide (PbS) colloidal
quantum dots (CQDs), which are supplied with long-chain oleic acid (OA) ligand as a capping
material. Although the thick ligand ensures the stability and solubility of the PbS quantum dots,
this practically prevents photogenerated charge carrier dissociation, consequently, blocks carrier
transmission. The first step in the fabrication process is to alter the initial long chain oleic acid
ligand with the short length ligand to provide a suitable condition for charge dissociation and
transmission. In this part of the research, isopropylamine (IPAM) is going to be used as a ligand
capping the surface of the PbS quantum dots. Performance of the new ligand in improving
photogenerated charge dissociation and transmission is to be investigated with a photovoltaic
structure.
After fabricating the device, investigation of the measurement results, including
photogenerated short circuit current, open circuit voltage, and current-voltage characterization will
3

indicate the performance for the device and the ability of the IPAM ligand in facilitating the
dissociation and transmission of photogenerated charge carriers.
1.2.2 Energy Harvesting from Human Body Radiation
Once IPAM ligand shows desirable performance during the previous experiment, the second
task is to fabricate a CQD photovoltaic cell enabling harvesting energy from thermal radiation of
the human body. PbS quantum dots capped with isopropylamine ligand are intended to form the
photosensitive area of the harvesting device. The human body and an IR emitter radiating in midand long-infrared must be used as an excitation source to investigate the performance of the device.
After fabricating the harvesting device, the current-voltage characteristic is to be investigated
to determine the performance of the device while it is exposed to human body radiation. Once the
device demonstrates clear evidence that harvested energy is related to thermal radiation of the
human body, the next step is to theoretically explain the energy conversion mechanism based on
the principles and observations.
1.2.3 Hybrid Energy Harvesting Device
Once a photovoltaic structure has been fabricated for harvesting thermal radiation of the human
body, a hybrid energy scavenger having been introduced and simulated. This device is able to
harvest both thermal and mechanical energy of the human body. This energy harvester involves
both electrostatic generator and proposed photovoltaic devices. Realization of such electrostatic
energy harvester requires a reliable start-up voltage source to initiate the energy conversion
process. Accordingly, the thermal energy harvester, which is a solution-processed photovoltaic
structure, is incorporated to provide a reliable power source for charging the electrostatic generator
at the initial step of each conversion cycles.

4

1.2.4 Dissertation Outline
This dissertation concentrates on studying and providing some techniques to harvest energy
from thermal radiation and mechanical vibration of the human body. Accordingly, the second
chapter gives an overview and background information on the energy scavengers for wearable and
implantable devices based on heat energy and mechanical energy. The third chapter focuses on the
photovoltaic principles and photovoltaics based on the colloidal quantum dots. Chapter four deals
with the ligand exchange process method. Chapter five treats the effect of isopropylamine as a
short ligand on the charge transfer mechanism for infrared photovoltaics. Chapter six addresses
the ability of colloidal quantum dots to harvest human body thermal radiations. Chapter seven
describes the hybrid structure that harvests both thermal energy and mechanical movement of the
human body. The final chapter provides a conclusion and further plans for the research.

5

Chapter 2. Overview of Energy Harvesting from Human Body
2.1

Introduction
Wearable and implantable devices are in demand and growing technologies. Variety of factors

affect the growth of wearable and implantable technologies in healthcare including increase in the
elderly population, the spread of illnesses such as diabetes and obesity, and growing request for
real-time health monitoring including wellness and fitness. Recent advances in integrated circuits,
wireless communications, medical sensors, and fabrication technologies provide miniature and
low power consumption devices with unique interfacing functionalities to human tissues and
biological objects [7]. These interfaces provide a suitable platform for quantitative measurement,
continuous monitoring, and documentation of biomedical and physiological parameters and
behaviors as well as modification of cells, tissues, or organs.
Since the lifetime of the most wearable and implantable products is limited to the lifetime of
supporting power storage devices, an efficient device operation highly depends on the power
supply. Accordingly, in the current technology, the main challenge in the fabrication of the
wearable and implantable devices is the powering method. The key challenges for medical
electronic devices, for example, are the increasing demand for improving battery and power source
energy density, reliability, and lifetime. Although current progress in battery technology has
provided small size and high capacity batteries, operational lifetime still remains limited resulting
in customer inconvenience; for example, needing to undergo battery replacement surgeries [7].
This has motivated research to eliminate batteries or significantly extend their lifetime. Ideally,
self-recharging, thin, flexible, and tiny power sources are in demand that never needs replacement.
These requirements will not simply meet with conventional batteries. Currently, tradeoffs are
being made to increase battery life at the cost of functionality, performance, or device security.
6

Thus, the most approachable method to power an implantable or wearable device is to harvest
available ambient energy and supply the device over its entire lifetime.
Low power energy harvesting/scavenging is a process that converts the available ambient
energy into a usable form of electric energy for low-consumption and portable electronic devices.
They usually offer maintenance-free, green, and long-lasting supply. Ambient light, mechanical
vibration, electromagnetic waves, and thermal energy can be considered as suitable ambient
energy sources. Also, progress in technologies such as complementary metal-oxidesemiconductors (CMOS), micro-electromechanical systems (MEMS), flexible electronics, and
wireless sensor networks (WSN), as well as very large-scale integration (VLSI) circuits and ultra
large-scale integration (ULSI) designs enhance the reliability, functionality, and performance of
the energy scavenging devices. Moreover, technology advancement has enabled high-performance
and low-consumption devices. This makes possible the device power support, fully or partially, by
scavenging only available ambient energy. The harvested energy can supply implantable and
wearable devices such as heart rate monitoring devices, pacemakers, watches, implantable
cardioverter-defibrillators, and neural stimulators and other devices in the healthcare sector, sport,
and fitness industries that require implant or attachment to the human body to provide continuous
diagnostics and therapy.
Body movements and body heat are some examples of the available energy sources in the
human body that can be harvested. Thermoelectric-based Energy scavengers require thermal
gradient across the device to generate power; however, a mechanism is required to provide a
suitable temperature profile. Pyroelectric effect [3-5] is another mechanism of thermal energy
harvesting. Since pyroelectric scavengers require a time-variant temperature profile on the device,
they are not suitable for energy harvesting from the human body due to body slow and limited
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temperature variation. A recent study shows that human body thermal radiation can be harvested
with a photovoltaic structure [8]. Energy scavenging from vibration is another promising
mechanism for supplying low power electronics due to availability and reliability of vibration at
the human body. Electrostatic, triboelectric, electromagnetic, and piezoelectric effects are typical
mechanisms to convert vibration energy to electricity. Human body motions in form of walking,
breathing, and heart beating are some examples of vibrations that have received attention from the
researches. Other ambient energy sources such as sunlight, infrared light, and electromagnetic
waves offer excellent sources of energy with a strong research background. However, their specific
requirements prevent their effective utilization for wearable and implanted devices. Solar cells
produce high power densities under the direct sunlight; however, the generation rate dramatically
drops for indoor applications, covered wearable, and implanted devices. Infrared light and
electromagnetic waves can provide a good energy source for energy harvesters; however, its
availability is limited since a suitable radiator is required and some materials block the radiation.
In this literature review, harvesting technologies based on the available energy sources of the
human body in the form of thermal and mechanical energy for wearable and implanted devices are
discussed. This discussion covers the current state of power harvesting technologies that are
usually utilized to convert available heat and vibration in the human body into electric energy.
Physical principles of technology, corresponding materials, and state-of-the-art designs and
structures are presented.
2.2

Human Body Thermal Energy
Body heat can be considered as a reliable and available source of energy. The human body

generates heat depending on specific factors such as age, height, size, gender, and daily activity
level then eventually loses it through different processes including conduction (physical contact of
8

the body with another object), convection (movement of air molecules on the skin surface),
radiation (transfer of heat from the body to another object without physical contact by means of
infrared radiations), and evaporation (conversion of water on the skin to gas). Heat lost depends
on many parameters such as body area and activity level. Studies showed that heat loss of a resting
human is between 100 and 120 watts [9, 10]. Another study showed that heat loss density of a
sitting person is between 76 and 105 W/m2 [11]. Accordingly, a sitting person with a total surface
area of 1.48 m2 generates total heat of about 141 W. These data confirm that human body heat loss
can provide enough power for daily-use electronics if it is efficiently converted to electricity.
2.2.1 Thermoelectric
The temperature difference between two objects allows the flow of heat energy from the hightemperature object to the low-temperature one. Some materials have the ability to transform heat
energy into electric energy without any moving part when they are subjected to a temperature
gradient. This effect; namely, the thermoelectric effect, was discovered by Thomas Seebeck [12]
and explained in more detailed by Jean Peltier. Thermoelectric effect is the conversion of an
applied temperature gradient into electric potential (Seebeck effect) or conversion of applied
electric potential to the temperature gradient (Peltier effect) [1, 13]. Thermoelectric generators
(TEGs) are solid-state devices that generate electricity by exploiting the temperature differences
between the two sides of the device. Thermoelectric generators are used to harvest waste heat from
the human body, vehicles, industrial plants, boilers, or other heat emitting devices, in order to
improve the overall conversion efficiency of the system or energize low consumption electronic
devices such as wearable or implanted devices. Thermoelectric generators have also attracted
attention in biomedical applications and wearable electronics because of their lightweight, high
reliability and availability, and maintenance free. In addition, they need no moving part and
9

involve no toxicity effect. The upper bound of harvestable power is determined by the
thermodynamic efficiency of the Carnot cycle depending on the ratio of the hot-source and coldsink temperatures and is given by equation
ƞ𝐶 = 1 −

𝑇𝐶
𝑇𝐻

(2.1)

where 𝑇𝐿 and 𝑇𝐻 are the low and high temperatures (in Kelvin) of the device plates.
Accordingly, the efficiency is limited for wearable and implanted devices due to the low
temperature difference. Carnot efficiency decreases when the temperature difference drops. As an
example, for a practical case, TH = 310 K (human body temperature) and TC = 298 K (typical room
temperature) give the maximum energy-harvesting efficiency of 3.9% (ideal scenario). For
instance, thermoelectric generators harvesting human body heat can produce power in the range
of 60 µW/cm2 in indoor conditions and 600 µW/cm2 at 0 oC of ambient [14]. Another group
showed that a simple wireless sensor could be supplied by a small thermoelectric generator
(required area of 1-3 cm2) attached to the human body [10].
Basically, high-performance thermoelectric materials require both high electric conductivity
and low thermal conductivity. High electric conductivity is required to decrease electric loss in the
device while low thermal conductivity is required to prevent equalizing of temperature and
guarantee continuity of the energy conversion. Since in most materials thermal conductivity and
electric conductivity are proportional, it is challenging to find a suitable material with both
properties, which leads to low conversion efficiency. This has motivated scientists to do research
into new thermoelectric materials and develop new structures to improve energy conversion
efficiency. Insulators providing high electrical resistivity and conductors providing high thermal
conductivity are not suitable for thermoelectric generators. Semiconductors with low thermal
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conductivity are suitable materials since semiconductor doping can adjust the electric conductivity.
Accordingly, optimized materials can provide high energy conversion efficiency.
A schematic diagram of the thermoelectric generator incorporating both p-type and n-type
semiconductors is illustrated in Figure 2-1. Metallic contact is used to transfer heat and electrically
connect p-type and n-type semiconductors. The temperature gradient is imposed across the
semiconductor materials by connecting one of the metallic contacts to the high-temperature object
(heat source) and the other to the low-temperature object (heat sink). Therefore, charge carriers
inside the semiconductor materials diffuse from the high-temperature junction to the lowtemperature junction resulting in electric potential across the junction.

Figure 2-1. Thermoelectric generator made of n-type and p-type semiconductor thermoelectric
materials.

The efficiency of TEG is determined by the ratio of the generated power (P) to the heat flow
rate (QH) (heat absorbed by TEG hot plate) and given by equation [15]
ɳ=

𝑇𝐻 − 𝑇𝐶 √1 + 𝑍𝑇 − 1
𝑇𝐻 √1 + 𝑍𝑇 + 𝑇𝐶⁄
𝑇𝐻
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(2.2)

where TH is the heat source temperature (hot plate), TL is the heat sink temperature (cold plate), T
is the average temperature, and ZT is the “figure of merit” of the couple defined by
𝑍𝑇 =

(α𝑝 − α𝑛 )2 𝑇
(ρ𝑛 K 𝑛 )

1⁄
2

+ (ρ𝑝 𝐾𝑝 )

1⁄
2

(2.3)

where ρ is the electrical resistivity, α is the Seebeck coefficient, and K is the total thermal
conductivity of the material (considering both lattice and electronic contribution) [16]. The
efficiency of the thermoelectric generator reaches the Carnot efficiency if the term “ZT”
approaches infinity; therefore, the higher the figure of merit, the higher the device performance.
Lead telluride (PbTe) [17] and cobalt-based oxides [18], with a high melting temperature (1190
K) is reported as a good candidate for high-temperature applications. Heremans et al., [19]
illustrated that incorporating thallium impurities in the PbTe lattice enhances the Seebeck
coefficient through the engineering of the electronic density of states. This results in ZT values
more than 1.5 at 773 Kelvins in p-type PbTe. Recently, the unprecedented ultrahigh thermoelectric
figure of merit ZT = 2.62 at 923 K in single crystalline SnSe has been observed [20]. The high
figure of merit in this crystal is attributed to the intrinsically ultralow lattice thermal conductivity
(< 0.25Wm-1K-1 at > 800K) and high electrical conductivity in the doped material [20, 21]. By
substitutional doping of the polycrystalline SnSe with PbSe and Na atoms, the figure of merit of
about 1.2 at 773 K has been achieved [22]. Alloys of telluride (Te), silver (Ag), germanium (Ge),
and antimony (Sb) are called TAGS (Te-Ag-Ge-Sb) and suitable materials for high temperatures
illustrating figure of merit greater than unity [23-27]. Good electrical and mechanical properties
along with the thermal stability of half-Heusler alloys make them a promising material for hightemperature thermoelectric applications [28, 29]. Half-Heusler alloys are compounds of the
general representation MNiSn where M is a group IV transition metals like zirconium (Zr),
12

hafnium (Hf), or titanium (Ti). Thermoelectric properties of half-Heusler alloys such as TiNiSn1xSbx

[30] and Zr0.5Hf0.5NiSbxSn1-x [31] were investigated by varying the doping concentration of

Sb in the compound materials. Accordingly, Sb-doped alloys provide high thermoelectric power
factor but their high thermal conductivity needs to be addressed. Partial substitution of nickel (Ni)
with palladium (Pd) in half-Heusler alloys significantly reduces thermal conductivity resulting in
a figure of merit of 0.7 at about 800K for Hf0.5Zr0.5Ni0.8Pd0.2Sn0.99Sb0.01 [32]. Skutterudite and
Clathrates are cage compound with large empty cages or voids where atoms can be filled in such
a way that the structure exhibits low thermal conductivity [15, 33, 34]. Skutterudites are a kind of
compound material with the general representation MX3 where M is a transition metal such as
cobalt (Co), rhodium (Rh) or iridium (Ir), and X is pnictide elements such as phosphor (P), arsenic
(As), or antimony (Sb). Different studies revealed that skutterudites such as CoSb3, CoAs3, and
(CeyFe1-y)xCo4-x represents the figure of merit higher than unity (ZT > 1) for high temperatures
[35-38]. Clathrate type I materials with the general formula A8E46, where A generally refers to
sodium (Na), Potassium (K), barium (Ba), and strontium (Sr) and E generally refers to aluminum
(Al), gallium (Ga), indium (In), silicon (Si), germanium (Ge), and tin (Sn), exhibit ZT > 1 at high
temperatures [15, 33, 34]. Ba8Ga16Ge30 and Sr8Ga16Ge30 are some examples of reported Clathrate
for thermoelectric application [34].
Most of the thermoelectric materials are suitable for high-temperature applications. However,
there are some appropriate solutions with a high figure of merit for ambient temperature
applications. Small titanium (Ti) substitutional doping on binary elements containing five telluride,
such as HfTe5 and ZrTe5, illustrates that Ti can strongly affect the electronic properties resulting
in high Seebeck coefficient at low temperatures [39]. Materials containing chalcogen elements
such as sulfur (S), selenide (Se), or telluride (Te) in the molecular structures also exhibit
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thermoelectric behavior. A figure of merit of around 0.8 is reported for doped CsBi 4Te6 at low
temperature (225 K) [40]. Two ternary compound elements Ti2SnTe5 and Ti2GeTe5 show a very
low lattice thermal conductivity, resulting in ZT of about 0.6 at room temperature (300 K) [41].
For near-room-temperature applications (300 K) bismuth telluride (Bi2Te3) and antimony telluride
(Sb2Te3) possess the highest ZT for both n-type and p-type thermoelectric materials. Then, alloys
of those materials can help to adjust the carrier concentration and thermal conductivity. Depending
on the application, the figure of merit can be maximized at different temperatures by tuning the
carrier concentration [42]. Transition metal oxides such as NaCo2O4 is another category of
materials exhibiting promising thermoelectric effects for a wide range of operating temperatures
[43]. Easy and low-cost fabrication process is the economic advantage of this type of materials for
incorporating in energy conversion applications.
The figure of merit of typical bulk materials at different temperatures for n- and p-type doped
semiconductors is reported in reference [23]. Considering that figure of merit is less than 1.5 in
typical bulk materials, energy conversion efficiency for a TEG is practically below 10% for a
source temperature of about 473 K and sink temperature of about 293 K; i.e., a very hot source
and a very cool sink. In this condition, a thermoelectric device can generate significant power.
However, energy conversion efficiency is below 1% for ambient temperature applications due to
moderate source and sink temperatures; for instance, a source at 313 K and sink at 293K results in
limited power for wearable and implantable devices such as medical sensors or smart watches.
Newer classes of thermoelectric materials are based on the nanostructure of the traditional
thermoelectric materials, such as Bi2Te3 and SiGe. Accordingly, to develop high-efficiency
thermoelectric converters, nanotechnology provides solutions to tailor the properties of the
materials. Narrow bandgap, high carrier mobility, and low thermal conductivity are the
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requirements of the semiconductor material to achieve the desirable thermoelectric properties [12,
44, 45]. Nanocrystalline structures, limiting the phonon heat conduction, decreases thermal
conductivity of the materials, leading to thermoelectric performance improvement. Bed Poudel et
al. reported a high figure of merit for p-type nanocrystalline BiSbTe bulk alloy fabricated through
hot pressing BiSbTe nanopowders. Fabricated TEG device surprisingly showed ZT~1.2 at room
temperature [46]. Bulk silicon has a very weak thermoelectric property. However, silicon in
nanostructure form represents promising results for thermoelectric applications. Hochbaum et al.
showed that silicon in a nanorod shape structure with about 50 nm rods in diameter represented a
100-fold reduction in thermal conductivity, resulting in a figure of merit of 0.6 at room temperature
[47]. Another experimental study represented a 100-fold improvement in the ZT through tailoring
silicon nanowire size and varying impurity level, leading to ZT of around 1 at the temperature of
200 K [48]. Also, the figure of merit of some thermoelectric materials can be improved by
preparing them in superlattice structures. Although both theoretical [49, 50] and experimental
results show that enhanced ZT is achievable in superlattice structures made of well-known
conventional bulk thermoelectric materials such as Bi2Te3/Sb2Te3 (ZT~2.4 in superlattice form
[51]) and PbSeTe/PbTe (ZT~1.5 in superlattice form [52]) at room temperature, costly fabrication
process limits their applications in energy conversion.
Recently, fabrication advantages of the solution-processed devices have motivated scientists
to do research on the organic polymer-based and inorganic paste-type thermoelectric generators.
Low-cost, ease of fabrication, material abundance, light-weight, and flexibility are some of the
advantages of these type of thermoelectric devices [53, 54]. Emerging flexible thermoelectric
materials have shown promising results at the early stage of the research, providing a good
platform for supplying wearable and implantable electronic devices. The intrinsically low thermal
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conductivity of conjugated polymers and simplicity of doping in such materials results in proper
electrical conductivity. This, in turn, makes possible the applications of the conjugated polymers
for thermoelectric energy conversion. The performance of the organic thermoelectric materials has
been significantly improved over the past years and ZT of about 0.4 has been reported for the
poly(3,4-ethylenedioxythiophene) (PEDOT) polymer system [55, 56]. However, these organic
materials still suffer from the low figure of merit in comparison to that of their inorganic
counterparts. Incorporating carbon nanotubes [57] and inorganic nanostructures [58, 59] in the
polymer are reported methods to improve power factor. On the other hand, synthesizing paste-type
inorganic materials are reported for fabricating flexible and screen-printable thermoelectric
devices [60, 61].
Next, several studies have been conducted to evaluate the amount of thermoelectric energy
harvesting in different applications. A study showed that, under an indoor condition at an ambient
temperature of 22.1oC, an average heat of 1–10 mW/cm2 (at different locations on the body) can
be dissipated from human body; approaching 10–20 mW/cm2 on the wrist since the radial artery
is near the skin [62]. However, as discussed earlier, thermoelectric generators can harvest the tiny
amounts of dissipated energy. For example, state-of-the-art Bi2Te3-based TEG harvests about 60
µW/cm2 under indoor conditions from human body [62-64].
Nevertheless, thermoelectric generators are introduced to fully or partially power the wearable
and implantable devices in real applications. A good demonstration for energy harvesting from the
human body heat was the thermoelectric wristwatch fabricated by Seiko in 1998. The
thermoelectric module consisted of more than 50 pairs of hot-pressed Bi-Te compounds as
thermoelements on a silicon substrate. This module was able to generate enough power form the
temperature gradient provided by the human body over ambient temperature to run the watch and
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recharge a lithium-ion battery [65]. This inspired research in this filed in the subsequent years. The
first wearable TEG for low-power wireless sensor nodes made of BiTe thermopiles (worn on wrist)
was introduced in 2004 by Leonov et al [63]. This power module was able to generate around 250
µW at an ambient temperature of 22 oC (295 K) but the transferred power to the load was about
100 µW due to the losses in the boost converter circuit. Later, this group fabricated a more efficient
TEG to produce 200-330 µW at 20-22 oC (293-295 K). At a low metabolic rate (resting person)
the generated power decreases to 100-150 µW and after a few minutes of walking indoor, it
increases to 500-700 µW. Another successful demonstrated application for wearable TEG was
aimed to supply biomedical devices such as a pacemaker, pulse oximeter, hearing aid,
electrocardiogram (ECG), electromyogram (EMG), and electroencephalogram (EEG). As shown
in Figure 2-2, a wireless body-powered pulse oximeter was fully supplied by a watch-style TEG.
The thermoelectric device generates 100 µW at 22oC ambient temperature, providing sufficient
energy to fully supply the pulse oximeter consuming 62 µW [2]. In another demonstration, a high
consumption wireless medical device was fully supplied with TEG. In this report, 10 units of
TEGs, fabricated in the form of a headband and generated 2-2.5 mW of power, were used to supply
portable battery-free 2-channel electroencephalography (EEG) device with power consumption of
0.8 mW [66].

17

Figure 2-2. Watch-style thermoelectric generator fully supplies wireless pulse oximeter [2].

While still at the early stages of the research, flexible thermoelectric generators have shown a
great potential for wearable electronics by providing the suitable platform. Flexible TEGs enhance
heat transfer from the human body by smoothly bending on the skin surface. Moreover, they have
a lighter weight and can distribute over the larger area; therefore, more heat can be absorbed
without any uncomfortable feeling by the user [67]. A low-cost flexible thermoelectric
demonstration was performed by Weber et al., [68] where they used polymer foil as a flexible
substrate and deposited paste type antimony and Bi0.85Sb0.15 alloy (as thermoelectric materials) on
the substrate by screen printing technique. This coiled-up TEG device produced 0.8 µW/cm2 at 5
K temperature difference. A flexible thermal interface layer (TIL) was utilized beneath the flexible
TEG to effectively conduct the human body heat to the TEG device and make it more suitable for
the skin curve [69, 70]. The effect of the ceramic-filled silicone rubber as a TIL was theoretically
and experimentally investigated in the performance of the device. They illustrated that thinner TIL
layer with higher thermal conductivity can improve the TEG performance.
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2.2.2 Photovoltaic
At room temperature, thermal radiation is the foremost heat lost mechanism in the human body
[71]. Human skin is a perfect blackbody radiator [72], therefore, based on Planck’s blackbody
formula, body infrared radiation peaks at 9.35 µm for skin temperature of 37oC and shifts slightly
to longer wavelengths at lower temperatures. Accordingly, this energy locates in mid- and longinfrared spectra. Since the radiated photons carry low amount of energy, it is not simple to harvest
their energy. Exciting plasmons in nanophotonic structures allows harvesting low energy infrared
photons [73]. Rectenna can convert wideband electromagnetic energy, including thermal
radiations, into electricity [74]. Also, a theoretical study proved that quasi-Fermi level variation in
thermoradiative cell is a method to harvest low-energy infrared photons [75]. Complex structure
and costly fabrication process have limited their use in practical applications.
Photovoltaic structure can be a suitable alternative to harvest thermal radiation of the human
body. However, normal photovoltaic devices absorb photons carrying energy higher than the
bandgap of the semiconductor [76], therefore, they cannot absorb low energy mid- and longinfrared photons emitted from the human body. Recently, a solution-processed photovoltaic
structure composed of nanocrystals is proposed to harvest human body thermal radiation [8]. This
device (shown in Figure 2-3 (a)) operates on the basis of a different principle that overcomes the
inherent limitations of the semiconductor bandgap. In this structure, some density of states (i.e.,
mid-gap state (MGS)) is intentionally introduced inside the bandgap of the semiconductor
nanocrystals through modifying their surface [77] to enable a multi-step photon absorption
process. This process is illustrated in Figure 2-3 (b) where multiple low energy photons contribute
to promote one electron from the valence band to the conduction band. Simple and low-cost
fabrication process of this structure provides a suitable and practical platform for the new
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generation energy harvesting devices from human body heat. The fabricated device generates
power density up to 2.2 µW/cm2, which is enough to drive low power devices such as a cardiac
pacemaker [78], watch [65], and neural stimulator [79].

a)

b)

Figure 2-3. a) A cross-sectional view of the photovoltaic structure, b) The role of MGS in
promoting an electron to the conduction band through the multi-step photon absorption process.
The presence of MGS makes possible transition of an electron to a higher energy level which
otherwise would result in total recombination.

2.3

Human Body Mechanical Energy

2.3.1 Piezoelectric
Piezoelectric harvesters are another choice for harvesting the mechanical energy from the
human body [80]. The piezoelectric effect is the electric charge accumulation in piezoelectric
materials as a result of applied strain [81, 82]. The piezoelectric effect was discovered in 1880 by
Pierre and Jacques Curie brothers. Noncentrosymmetric structure of the piezoelectric materials
allows reconfiguration of dipole-inducing ions as a result of applied mechanical stress. The ionreconfiguration generates an external electric field and builts up electric potential across the device
terminals. Curie’s experiments illustrated that quartz and Rochelle salt exhibited the highest
piezoelectric coefficients at the time. Interest in piezoelectric materials sparkled after the
development of sonar system based on piezoelectric effect. This attracted scientists’ enormous
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attention and motivated them to explore new piezoelectric materials and new applications.
Harvesting of available energy sources in the human body is one of the interesting applications for
piezoelectric generators to supply wearable and implanted biomedical devices. Muscle, lung, and
cardiac motions are available mechanical movements in the human body that offer reliable energy
sources for piezoelectric harvesters.
Zinc oxide (ZnO) and lead zirconate titanate (PZT) are some examples of the inorganic
piezoelectric materials mostly used for mechanical energy harvesting [81, 83, 84]. PZT
(PbZr0.42Ti0.58O3) has a wide variety of applications in ultrasonic transducers [85],
microelectromechanical (MEMS) devices and actuators [86], pressure [87] and strain [88] sensors.
PZT has an excellent piezoelectric property but the presence of lead in its structure limits its
application especially for implanted devices. ZnO is another appealing piezoelectric material with
strong piezoelectric property [89] and high electron mobility [90]. Moreover, ZnO is a
biocompatible material, therefore, it is suitable for bioelectronic applications and implanted device
[91, 92]. However, inorganic piezoelectric materials require a high-temperature fabrication
process; they can tolerate small strain deformation; and they can only be deposited on specific
substrates. This restricts their applications wherever flexibility is preferred such as implanted and
wearable devices.
Although inorganic piezoelectric materials provide higher piezoelectric coefficient, organic
piezoelectric materials are preferable for wearable applications since their flexibility enables skinfitted structures for intimate integration to the curvilinear surfaces. In addition, organics provide
low-cost fabrication processes, good chemical resistance, lightweight, and biocompatibility.
Polyvinylidene fluoride (PVDF) [93, 94] and one of its copolymers, named polyvinylidenefluoride-trifluoroethylene (PVDF-TrFE), are two examples of organic piezoelectric materials
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provide a suitable platform for applications including organic piezoelectric harvesters [95],
pressure sensors, accelerometers, and similar devices [96]. Theoretical and experimental studies
of the feasibility of a thin layer of PVDF polymer in a self-powered implanted blood pressure
monitoring system has been reported [97, 98]. In the reported experiment, the piezoelectric thin
film layer (PETF) of the PVDF polymer is sandwiched between aluminum contacts and rolled
around the ascending aorta of porcine. This device has been used for both measuring the blood
pressure and scavenging biomedical energy. The demonstration illustrated that a piezoelectric
device can generate instantaneous power of 40 nW in “in vivo” application [97].
Several groups successfully reported both ceramic-based and polymer-based piezoelectric
generators incorporated in the human footwear with intent to harvest relatively high energy from
people walking to power low-consumption electronics [99-102]. Kymissis et al. reported a
wearable energy harvesting device using both shoe-mounted PVDF and PZT piezoelectric
generators. This device harvests the excess energy of the human body while walking. The
fabricated device practically consisted of two separated piezoelectric harvester, including one
unimorph strip made of PZT and one stave made from multilayer laminated PVDF inside the shoe.
A peak power of 20 mW and 80 mW was reported for PVDF and PZT piezoelectric generators,
respectively [99].
The average amount of energy harvested is dependent on the frequency of the vibration. Since
human walking vibration is at low frequencies, the frequency up-converting techniques can
significantly improve the performance of the piezoelectric generators and increase average
harvested power. Izadgoshasb et al. studied the piezoelectric energy harvesting device based on a
frequency up-converting cantilever excited by the impacts of human walking motion [100]. During
excitation, the cantilever can vibrate at its resonance frequency, which is generally much higher
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than the human walking vibration frequency. Theoretical and experimental results confirmed the
potential application of the up-converting methods in fabricating high-performance piezoelectric
generators.
During the last decade, flexible and stretchable piezoelectric energy scavengers based on the
nanostructures of rigid and brittle materials in the form of a membrane, nanoparticles, nanorods,
thin film, and nanowires have efficiently illustrated the potential application for wearable or
implantable biomedical devices [103-107]. ZnO nanorod on a transparent ITO/PES layer [108],
horizontally aligned ZnO nanowires on a flexible substrate fabricated by sweeping-printing
method [109], (1−x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) thin ﬁlm with a superior piezoelectric
charge constant on a flexible plastic substrate [110, 111], and Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3
(BZT-BCT) NW/PDMS nanocomposites [112] are some reported structures that have been used
to fabricate ﬂexible piezoelectric harvesters to facilitate conformal integration to the human body
curvatures. However, in vivo evaluation is needed to examine both the proper integration of such
structures with the human body and their practical performance in generating enough power for
implanted and wearable devices. Dagdeviren et al. demonstrated an in vivo application of a flexible
piezoelectric generator based on a thin film layer of PZT inside an animal body instead of human
body assuming similar physical structures. This device enabled energy scavenging from natural
motions of heart, lung, and diaphragm. The device consisted of an internal battery and rectifier
and showed average power density of 1.2 µW/cm2 which is enough to drive a cardiac pacemaker
[78].
Embedding nanostructures of rigid or brittle piezoelectric materials in the soft polymer is
another method that has been introduced to fabricate high performance flexible and stretchable
piezoelectric generators [113, 114]. Chun et al. reported a flexible and stretchable thin film
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piezoelectric generator composed of PZT or ZnO hemispheres embedded in polydimethylsiloxane
(PDMS). This structure produced an output voltage of 6 V at a current density of 0.2 µA/cm2 under
normal bending force.
Poor load transfer efficiency in the composite piezoelectric materials composed of flexible
polymer matrix and low dimensional rigid piezoelectric material decreases the piezoelectric
harvester efficiency. This phenomenon reduces the piezoelectricity depending on the load transfer
which is the ratio of the polymer matrix stiffness to the low dimensional piezoelectric material
stiffness. Zhang et al. reported a novel flexible and durable ceramic-polymer composite which is
a three-dimensional interconnected structure that provides a continuous pathway for load transfer.
Therefore, it was not required to apply load-transfer scaling law, leading to the high-efficiency
piezoelectric generator. They fabricated interconnected PZT ceramic microfoams/PDMS
composite exhibiting good mechanical durability and high piezoelectric characteristic under
compression, stretch, and bending. Three-dimensional PZT ceramic microfoams/PDMS
composite structure can improve the load transfer efficiency from 3.6 × 10-5 for zero-dimensional
nanoparticle composite and 4.9 × 10-4 for one-dimensional nanowire composite to the very high
value of 0.63 [115].
2.3.2 Electrostatic
An electrostatic generator is an electromechanical system that produces electric energy from
capacitance variations. Accumulated charge Q on the capacitor conductor plates is given by Q =
CV where V is the electric potential across the plates of the device and C is the capacitance. If the
capacitor is initially charged, variation in the capacitance value causes variation in the electric
potential across the terminals of the capacitor, leading to change of stored electrostatic energy in
the capacitor. Electrostatic generators operate between two capacitors values of Cmin and Cmax. At
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the initial step, capacitor while in maximum capacitance Cmax is charged to potential V0. This
corresponds to the stored electrostatic energy of 𝐸0 = 𝐶𝑚𝑎𝑥 𝑉02 /2. Next, external force decreases
capacitance to its minimum value of Cmin. This increases the capacitor voltage to the value of
𝑉 = 𝐶𝑚𝑎𝑥 𝑉0 /𝐶𝑚𝑖𝑛 since the electrostatic charge is conserved. Accordingly, the electrostatic
energy increases by a factor of 𝐶𝑚𝑎𝑥 /𝐶𝑚𝑖𝑛 . The increment in the electrostatic energy
𝐶

( 𝐶𝑚𝑎𝑥 − 1)𝐶𝑚𝑎𝑥 𝑉02 /2 equals the mechanical work done to change the capacitance by the external
𝑚𝑖𝑛

force. Capacitance equation for the simple two-conductor plate capacitor is
𝐶=

ԑ𝐴
𝑑

(2.4)

where d is the separation distance between the conductor plates, A is the area of overlap of the
two capacitor plates, and Ԑ denotes permittivity of the dielectric material between the conductor
plates. According to the capacitance formula, there are three ways to make a variable capacitance
including the change in equivalent permittivity, change in overlapping area between the conductor
plates, and separation distance of the conductor plates.
Electrostatic harvesters usually consist of a mass-spring system which is connected to one of
the electrodes of the variable capacitor. Proof mass that is suspended by spring is required to couple
the resonant vibration of the electrostatic generator (which is usually in higher-frequencies) to the
external ambient vibration (which is usually in low-frequency). The physical movement of the
movable electrode provides a variable capacitor. Comb-like, in plane, rotary comb, and
honeycomb [116] are some architectures for the variable capacitor in the electrostatic harvesting
device. Tashiro et al. reported an electrostatic harvesting device incorporating a honeycomb shape
variable capacitor for investigating the viability of energy scavenging from ventricular wall
motion. The capacitance decreases when the structure is expanded and it increases when the
structure is compressed. The fabricated device was not small enough for implanting however it
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could harvest an average power of 36 µW from the simulated vibration. This power is enough to
supply a cardiac pacemaker [116]. The honeycomb structure is still not suitable for wearable and
implanted devices for the human body because of its bulky size and heavyweight.
Technological advances in microelectromechanical systems (MEMS) have enabled
implementation of high-efficiency small-scale electromechanical transducers based on the variable
capacitance to harvest ambient mechanical vibration. Comb-like capacitor [117, 118], which was
successfully developed using MEMS technology and tested as a part of the small-scale electrostatic
actuator, can realize a large capacitance variation with a very small-size capacitor. Generally, as
shown in Figure 2-4, there are three types of comb-like structures based on the direction of the
movement; namely, in-plane overlap, in-plane gap closing, and out-of-plane gap closing structures.
The capacitor consists of two electrodes, of which one is fixed to the substrate and the other can
move freely. The movable electrode is connected to a spring-mass system. Therefore, it can vibrate
with the fluctuation of the entire device. The capacitance is at maximum value when either the
movable part is completely inserted in the fixed electrode, in the case of in-plane overlap and outof-plane gap closing, or the movable part is completely moved to the final range of the movement
and stopped in a very close proximity of the fixed part in the case of in-plane gap closing (in this
case the overlapping area between the electrodes are maximum and/or the equivalent distance
between two electrodes are minimum). The capacitance starts decreasing upon either the extraction
of the movable electrode (in-plane overlap and out-of-plane gap closing) or its movement to the
middle of the gap (in-plane gap closing) and accordingly, reaching to the minimum value of
capacitance. Miniaturized electrostatic harvesters are easily achievable since they can be fabricated
with integrated circuit (IC) and MEMS technology. Chiu et al. demonstrated a capacitive energy
converter in silicon-on-insulator (SOI) wafer. The device consists of an auxiliary power supply of
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3.6 V and an external mass of 4 g for adjusting the resonance frequency. The device was originally
intended to provide 31 µW with a maximum output of 40 V but because of the unwanted parasitic
resistance output power of 1.2 µW were achieved without external mass [118].
a)
b)

c)

Figure 2-4. The operation principle of a comb-like variable capacitor. a) in-plane overlap; b) inplane gap closing; c) out-of-plane gap closing structures.

It is trivial that one of the main drawbacks of the capacitor-based generators is the need for an
initial start-up power supply for charging the capacitor to initiate the conversion process. However,
different studies have been shown that this problem can be addressed by either using an electret in
the device structure [118-123], by taking advantage of work function difference in materials to
generate a built-in potential in the interface of them [124], or by incorporating self-recharge circuit
[125]. Electret is widely used in electrostatic generators. Electret is a dielectric material carrying
permanent electric charges and is usually connected to the capacitor in a series configuration.
Teflon, silicon dioxide (SiO2), and silicon nitride (Si3N4) are some examples of electret materials.
After the fabrication process, the charge remains fixed and is used to polarize the capacitor [126].
Several groups incorporated electret in the structure to avoid using the additional power source
and required circuit [127] to improve the usability and miniaturizing the device.

27

Since the capacitance variation is the main principle in capacitive energy harvesting, increasing
the range of variation improves the efficiency and energy gain [128]. Choi et al. were able to
achieve a high range of capacitance variation by introducing a liquid-based electrostatic harvester.
The device presented a high capacitance ratio of 2000 varying from 5 pF to 10 nF. This device can
theoretically generate ~36 µW from a human motion running at a speed of 8 km/h [129]. The other
advantage of the liquid-based electrostatic energy harvesters over the resonance-based structures
is that they can harvest energy from the movement with low-frequency vibration. However, they
suffer from electret discharge when the liquid is in contact with the electret. This decreases the
electret surface potential, and consequently, decreases the harvested power. To alleviate this
problem, Bu et al. proposed using a polymer layer of PDMS/PTFE, which is compatible with
microfabrication process, to isolate the electret surface. The group experimentally demonstrated a
liquid-based harvester device generating 3.7 V, 0.55 µW at a low vibration of 1 Hz rotation [123].
Energy extraction from the electrostatic harvester can be done by a switch connecting the
charged variable capacitor to a reservoir capacitor. Ideally, this switch should not consume energy
and should have zero impedance. Practically, this switch would be either a diode or a transistor.
However, parasitic components, current leakage, and internal usage of the electronic components
decrease the efficiency of the power harvester. The mechanical contact switch is the other option
to provide a very low-impedance and zero-leakage contact. However, synchronized operation of
the switch and the energy harvesting cycles are required to attain desirable performance. Chiu et
al. introduced an integrated mechanical contact switch working synchronously with variable
capacitor vibration, and accordingly providing accurate charge-discharge timing for the variable
capacitor [118].
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Smart clothes enabling harvesting energy from the human body motions are generally desirable
especially for supplying installed low-consumption electronic devices to monitor physiological
and biomedical signals. Zhang et al., in an original work, demonstrated a low cost, metal free, and
flexible cotton threat-based electrostatic harvester producing an average power density of about
0.1 µW/cm2. Harvesting capacitor was a flexible fabric made of twisted pairs of carbon nanotubes(CNT-) coated cotton thread (CCT) and PTFE/CNT-coated cotton thread (PCCT) [130].
2.3.3 Electromagnetic
Movement of a conductor wire in the presence of a magnetic field causes electron flow in the
conductor due to Faraday’s law. The conductor usually is in the form of a coil, therefore, the
electric potential at terminals of the coil (open circuit voltage) is given by Faraday’s Law as
follows:
𝑉𝑂𝐶 = −𝑁

𝑑𝛷𝐵
𝑑𝑡

(2.5)

where N denotes as coil turn number and 𝛷𝐵 denotes the magnetic flux.
Inductive energy harvesting devices do not demand an additional power supply for initiating
the conversion process. Also, there is no mechanical contact between the moving pieces of the
device. This enhances the viability of the system and decreases the mechanical losses due to the
friction. This kind of harvester can operate based on the linear or rotary movement. In the linear
regime, either magnet or coil is suspended by a spring and the alternative magnetic flux inside the
coil generates electric power. In the rotary method, generation is based on the rotation of the
magnet or coil. However, in this case, a system is needed to convert the linear motion or vibration
of the human body to rotation, which significantly increases the mechanical complexity.
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The turn number, geometry, and conductivity are the coil design parameters in the
electromagnetic energy harvester. In the microscale electromagnetic energy harvesters, microcoils are fabricated on a wide variety of substrates such as silicon wafer, printed circuit board
(PCB), or flexible substrates through processes such as photolithography, electroplating, and laser
engraving techniques. Micro-coils consist of layers of planar coils typically in the shape of square
or circular spiral coils. However, fabrication of the high-quality micro-coils with a large number
of turns is challenging.
In the small-scale low power generators magnetic field is usually generated by a permanent
magnet. Rare-earth magnet including samarium cobalt (SmCo) and neodymium iron boron
(NdFeB) are the most popular magnets exhibiting high magnetic fields. Although incorporating
neodymium iron boron magnets in the structure of the power harvester can increase energy level
because of the stronger magnetic field, this material has a poor corrosion resistance and lowworking temperature. On the other hand, samarium cobalt magnets are corrosion resistant with a
good thermal stability up to 300 oC. In addition, microscale magnet deposition and patterning is
achievable with sputtering and electroplating techniques. However, these techniques deteriorate
the magnetic properties of the materials. Moreover, the quality of the microfabricated magnets
tends to degrade with thickness. Therefore, it is challenging to achieve high-quality thick magnet
with microfabrication process. But, the annealing process can improve the quality of the sputtered
magnet [131]. However, for fabricating thick micromagnets, electroplating is the better processing
method rather than sputtering. Flexible magnet can also be a good alternative especially for
implanted and wearable power harvesters. In 2009, Hoffmann et al. incorporated the magnetically
functionalized SU-8 (negative photoresist) in the structure of the power harvesting device to add
flexibility to the design [132].
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Generated power is highly affected by the vibration frequency of the mechanical system,
amplitude of the vibration, and damping factor. Williams and Yates calculated the upper bound
(without considering mechanical to electrical conversion efficiency) of the generated power given
by the following equation

𝑃=

ω 3
𝑚ξ𝑡 𝑌02 (ω ) ω3
𝑛

2 2

ω
ω
[1 − (ω ) ] + [2ξ𝑡 ω ]
𝑛
𝑛

2𝑡ℎ𝑒

(2.6)

where ξt is the transducer damping factor, m is the seismic mass, Y0 is the amplitude of
vibration, ω is the angular frequency, and ωn is the resonance frequency [133]. Goto et al. used the
automatic power-generating mechanism of quartz watch (SEIKO) to harvest kinetic energy for
supplying an implantable cardiac pacemaker. The fabricated device was encapsulated in a
polyvinyl case and attached to the ventricular wall of the dog’s heart. The implanted device
generated 13 µJ of energy per heart bit which is enough energy for supplying a cardiac pacemaker
[134]. Shearwood et al. reported a microscale energy harvesting device incorporated the planar
integrated coil on a gallium arsenide (GaAs) wafer and a flexible polyamide membrane of diameter
2 mm with an attached magnet. The fabricated device generated a maximum RMS power of 0.3
µW at resonance frequency of 4.4 kHz [135]. Amirtharajah et al. demonstrated a moving coil
electromagnetic harvester to supply a portable digital system that consumes 18 µW of electric
power [136]. Ching et al. used the laser micromachining technique to fabricate small-scale planar
copper spring with a total diameter of 4 mm in a spiral shape. The device with a total volume of 1
cm3 generated peak-to-peak voltage of up to 4.4 V and maximum RMS power in the range of 200830 µW. In this experiment vibration frequencies was set in the range of 60-110 Hz and amplitude
was set to about 200 µm which is applied by a shaker [137]. Park et al. designed and simulated a
device harvesting high-frequency vibration of acoustic signals in the range of 100 Hz to 5 kHz for
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an implantable middle ear hearing aid [138]. Kulah and Najafi presented an electromechanical
harvester that incorporated frequency up-conversion cantilever to take advantage of the better
performance at high vibrating frequencies. The fabricated single milli-scale device with the
resonance frequency in the range of 25 Hz to 50 Hz generated 4 nW of power. However, the
maximum power of 2.5 µW from a micro-scale single cantilever resonating at 11.4 KHz in vacuum
condition is expected for the proposed method [139]. Saha et al. proposed magnetic spring
generator working based on the magnetic spring instead of mechanical spring. In this structure,
two magnets with the same polarization face each other inside a tube, of which one is fixed and
the other one moves freely inside a coil while the device vibrates to provide the repulsive force.
The prototype produced 0.3-2.46 mW inside a backpack during walking and slow running [140].
Romero et al. used a gear-shaped planar coil and a multipole permanent magnet in the
electromagnetic harvester structure to harvest body motion and to supply biomedical devices. The
fabricated device with a dimension of 1.5 cm3 located on the ankle produced 3.9 µW during
walking [141]. Wang et al. reported a MEMS-based electromagnetic harvester. The device
consisted of a permanent magnet, copper planar spring fabricated by electroplating techniques, and
a copper planar coil with “high aspect” ratio. The prototype with a small volume of about 0.13 cm3
generated an output power of 0.61 µW at resonance frequency of 55 Hz applied by a vibrator [142].
Kulkarni et al. simulated the micro power generator with a structure consisting of 250 turn Cu coil
in two layers on a silicon paddle located between two sets of the electroplated Co50Pt50 hard
magnet. The results showed a maximum power of 70 µW and a maximum voltage of 55 mV. They
also concentrated the magnetic field in the region between two hard magnets by including
electroplated soft magnet layer of Ni45Fe55 underneath the hard magnet. The new design improved
the performance of the device, therefore, the output power increased to 85 µW and output voltage
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dramatically increased to 950 mV [143]. Samad et al. reported a curved shaped power harvester to
enhance the device performance when it is used to harness energy from the human body during
the walking or running. In the fabricated device, curvature of R=0.25 m presented the optimum
result corresponding to the highest open circuit voltage [144].
As mentioned earlier, the number of coil turns in microfabrication processes is one of the
limitations of the microscale electromagnetic power harvesters. In 2005, in another attempt,
Scherrer et al. evaluated the potential use of low temperature co-fired ceramics (LTCC) in the
fabrication of a rigid and compact multilayer coil for microgenerator applications. They
demonstrated a coil with 576 turns made up of 96 tape layers. Theoretical model predicted 7 mW
of generated power at 35 Hz frequency [145].
According to studies conducted by Starner, a 68 kg man walking at 2 steps per second can
produce 8.4 W with a magnetic harvester located under the shoe [146]. Kymissis et al.
demonstrated a magnetic power harvesting device implemented in a shoe [99]. This device was
able to produce about 1 W of peak power and 0.23 W of average power during a walk. Hatipoglu
et al. reported a power harvesting device with coil fabricated with the most common printed circuit
board (PCB) material, FR4 (Flame Retardant 4), as a mechanical vibrating structure, which has a
lower stiffness in comparison to silicon MEMS device. FR4 actuator, having a very low Q value,
can operate in broadband vibration frequencies, which is good for a wide variety of applications
such as low-frequency vibrations of the human body movement. They showed that for the device
connecting to the hip area, 40 µW of harvesting power is achievable [147]. Another structure used
two series synchronous generators in the same structure for harvesting power from human body
movement. The power harvesting device with a total volume of 3.76 cm3 and the total weight of
14.5 gram generated an average output power of 1.53 mW [148].
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2.3.4 Triboelectric
The other possible method to harvest human body mechanical energy in the form of movement,
walking, and vibration involves triboelectric materials, providing a suitable platform to supply
wearable and implantable devices. Triboelectric materials utilize the triboelectric effect (also
known as triboelectrification effect) which is a type of contact-induced electrification. In this
method, certain materials become electrically charged as a result of touching each other by
pressing together or friction [149]. Although triboelectrification fundamental understanding is
rather limited, this phenomenon has been known for thousands of years, existing in most materials,
and is usually considered an irritating effect in daily life. However, this effect can provide a
suitable source of energy for electronic devices. When two materials come into a contact, charge
transfer occurs between them to equalize the electrochemical potential between their touched
regions. After the separation, some atoms have a tendency to maintain the extra electrons while
corresponding atoms on the other materials have a tendency to donate electrons. This phenomenon
oppositely charges up two materials and creates potential difference between two contacts, shown
in Figure. 2-5. The built-up potential across two electrodes is given by
𝑈𝑇𝐸 = −

𝜎𝑑′
ԑ0

(2.7)

where Ԑ0 is the vacuum permittivity, σ is the charge density, and 𝑑′ is the gap distance between
two layers [150].
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Figure. 2-5. Operating principle of the triboelectric generator between two different dielectrics,
when they come into the contact, they are charged up. Releasing the dielectrics builds-up the
potential or establishes a current flow to the connected load.

The polarity and the amount of the induced charge strongly depend on the materials, surface
roughness, temperature, strain, and other parameters. Triboelectric materials are usually arranged
in a list based on the polarity of charge separation when coming into the contact with another
material. They are arranged based on their tendency to accepting or losing electrons [149]. Most
useful materials for triboelectric is organic materials. The polarity of the materials depends on their
relative location in the list relative to each other. In the other words, when a more positive material
(toward the top of the list) touches the less positive material or a material on the negative side of
the list (toward the bottom of the list), this material will be positively charged and, accordingly,
the other material will be negatively charged. In order to improve the charge transfer rate, the
selected materials should be as far apart as possible. Triboelectric generators have a simple and
cost-effective fabrication process. However, the triboelectric properties of materials slightly vary
depending on the presence of either surface contaminants or oxide layer. Therefore, materials near
to each other on the list either may exhibit opposite tribo-polarity or may not exchange any charge.
Rubbing the materials together greatly improves the performance of the triboelectric generator
since this highly increases the touching rate and separation sequences. Accordingly, besides the
suitable choice of the materials in the triboelectric list, surface morphology modification (surface
patterning by physical techniques) can enhance effective contact area and boost the efficiency of
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the triboelectric generator. Although surface patterning can increase friction loss between two
materials and deteriorate the efficiency of the generator, suitable design can provide optimum
conversion efficiency for the triboelectric generator. Various surface patterns such as cubes,
squares, lines, porous, hemisphere-based micro or nonpatterns, and pyramids are reported [149,
151-156]. Moreover, increasing material permittivity, which effectively improves electrostatic
induction [149], can enhance the performance of the triboelectric generator. Moreover, contacts
made of a composite of the polymer matrix and large permittivity nanoparticles provide better
electrostatic induction.
The most famous traditional triboelectric generators are Wimshurst machine (1880) and Van
de Graaff generator (1929). These triboelectric generators accumulated charges onto two
electrodes and built-up a high potential until discharging occurs as a result of arching between two
electrodes. Triboelectric generators can operate based on either vertical, lateral, or rotational
movement. The operating mode can influence the device performance. Triboelectric based on the
vertical movement of the contacts requires special attention in device structure since it should
provide suitable condition and enough time for charge separation during the connection period.
But the triboelectric generators based on the lateral movement can effectively address this problem
by taking advantage of both normal contact generation and lateral direction sliding generation
[157, 158]. When the two surfaces are fully overlapped, during the initiation step, charge
separation occurs. At the next step, while the top plate is sliding in the outward direction, the
overlapping area between the two materials decreases, leading to charge induction on the
electrodes. The variation in the charge density as a lateral movement of one of the electrodes
continuously generates electric power. Wang et al. demonstrated a lateral sliding-mode-based
triboelectric generator with positive contacts made of polyamide 6,6 and negative contact made of
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polytetraﬂuoroethylene (Teflon) with surface etched nanowires. The device presented open circuit
voltage of about 1300 V and a peak power density of 5.3 W/m2 [157]. Yang et al. in their new
integrated rhombic gridding structure incorporated both contact-separation mode and sliding mode
triboelectrification in response to the human body’s natural vibration. This hybrid triboelectric
generator improved the power conversion efficiency and provided an open circuit voltage of 428
V and peak power density of 30.7 W/m2 [159]. The triboelectric generators based on the rotational
movement can potentially provide a better mechanism for energy harvesting since high-speed
movement easily achievable with rotational movements rather than lateral movement [160, 161].
Bai et al. reported a rotational triboelectric generator with 8 strip units providing a power density
of 36.9 W/m2 and open circuit voltage of 410 V at a rotation speed of 1000 rpm [161]. In this
structure, polytetraﬂuoroethylene (PTFE) and copper were used as triboelectric materials and the
presence of the polymer nanoparticles on the contact surface improved charge transfer efficiency.
Zhu et al. likewise illustrated that incorporating nanoparticles in the structure of the triboelectric
generator was able to improve the performance of the device. Gold nanoparticles were uniformly
spread on the gold electrode then polydimethylsiloxane (PDMS) was spin coated on the surface of
the other electrode. The presence of the gold nanoparticles increased the effective contact area, as
a result, enhanced the device performance. The device, about the size of a human palm and even
smaller, produced the instantaneous power of 1.2 W while it was triggered by human footfall,
corresponding to power density of about 313 W/m2. The reported device generated high opencircuit voltage of 1200 V [162]. This triboelectric generator was able to supply enough power to
light up 600 red, green, and blue LEDs at the same time.
Since vibration is one of the most popular mechanical movements in the human body,
cantilever-based triboelectric generators, working based on the contact-separation mode, are a
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simple approach for self-power portable electronics, especially in MEMS applications. Yang et al.
presented a triple-cantilever structure for scavenging mechanical

vibration through

triboelectrification effect. The structure consisted of PDMS and nanowire arrays fabricated on the
surface of beryllium–copper alloy foils. This structure doubled the energy conversion efficiency
since the middle cantilever is able to contact the top and bottom cantilevers in each moving cycle.
This group demonstrated that at the vibration frequency of 3.7 Hz, open circuit voltage of 101 V,
and the peak power density of 252.2 mW/m2 are achievable[163]. Furthermore, Bai et al.
introduced the first 3D triboelectric generator with five layers of units on a flexible substrate,
embedded into a shoe pad, generating maximum power density of 9.8 mW/m2 and maximum open
circuit voltage of 215 V. This 3D structure consisted of nanoporous aluminum and PTFE as
triboelectric materials. Therefore, Low cost, small size (3.8 cm × 3.8 cm × 0.95cm), lightweight
(7 g), and flexibility are important advantages of this device making it suitable for wearable and
implanted structures with no discomforting effect [164]. Another interesting design utilized human
skin as a triboelectric material and PDMS as the other material. This design can be potentially
useful for either harvesting energy for biomedical applications or for self-powered touchpad
devices. This device delivered power density of up to 500 mW/m2 and open circuit voltage of 1000
V [165]. The mentioned structures harvested energy from the vibration based on the contactseparation mechanism, which has a low conversion efficiency as discussed before.
Self-powered textiles as a promising technology for next-generation wearable electronics,
physiological/wellness monitoring, and personalized healthcare have received more attention in
recent years [166-168]. Dong et al. reported a washable, deformable, breathable, and comfortable
textile triboelectric nanogenerator (TENG) with a 3D orthogonal woven structure made of stainless
steel/polyester and PDMS-coated yarns. The fabricated device produced 263.36 mW/m2 under 3
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Hz vibration frequency [169]. Another group introduced a double-layer–stacked triboelectric
textile incorporating the Ni-coated polyester conductive textile and the silicone rubber as
triboelectric materials. The proposed structure generated open circuit voltage of 540 V and high
peak power density of 0.892 mW/cm2 [170]. Recently, as an interesting research, a group has
developed a method to harvest generated charge on the surface of the human body due to the
triboelectrification of the human body skin and textiles. They showed that light stroking on a
commercial adhesive PTFE film could provide enough power for small electronics such as a timer.
In this structure, one hand pated the PTFE film while the other hand held the wire connected to
the rectifier circuit. This structure provided open circuit voltage between 540 V and 600 V and
was able to generate electric power up to 3.3 W/m2 as well as the ability to spontaneously harvest
energy from several people. This device successfully supplied a timer and 377 LEDs [171].
2.4

Summary
In spite of the improvement in battery technology and reduction in device power demand,

lifetime of wearable and implantable devices is still limited to the lifetime of the embedded
batteries. This requires battery replacement, which imposes inconvenience for the users, especially
in the case of implanted devices. Moreover, the devices may need to sacrifice the performance and
functionality to increase the battery lifetime. The reliable, available, and practical solution is to
harvest energy from the available sources in the human body to fully or partially supply the device.
Since body heat and body movement are available sources of energy in the human body, we have
reviewed recent developments in energy scavengers based on thermoelectric, photovoltaic,
triboelectric, piezoelectric, electrostatic, and electromagnetic effects. Working principles, material
selection, and proposed structures are described in this review paper.
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Thermoelectric harvester can generate high power density depending on the temperature
gradient across the device. Accordingly, they require a mechanism to maintain this temperature
gradient. Harvesting thermal radiation of the human body with a photovoltaic device addressed
the temperature equalization problem of the thermoelectric devices; however, this is an emerging
technology and requires more research to improve the harvested energy level. Although
piezoelectric harvesters generate high output voltage and high energy density, they require special
materials and are not suitable for low-frequency-vibration applications. Frequency up-converting
methods can significantly enhance the performance of the piezoelectric generators for harvesting
energy from low-frequency vibrations of the human body. Electrostatic generators have an easy
fabrication process and are compatible with MEMS technology. These generators can operate in
low-frequency-vibration environments and can provide high output voltage and high-power
density at small size. On the other hand, these generators require small gap to generate high power
density, resulting in dielectric deterioration. Also, the electrostatic generators need start-up voltage
which increases the complexity of the system. Electromagnetic generators can provide durable
operation and high output current. However, they suffer from low efficiency and low output power
at low-frequency vibration. Moreover, it is challenging to miniaturize them. Although triboelectric
generators offer high power density, ease of fabrication, and flexibility, yet low current density
and charge accumulation are drawbacks of this technology.
Advances in material science and fabrication processes have enabled the fabrication of
harvester devices that generate enough power for some implantable and wearable electronics.
Progress in solution-processed fabrication method, nanoscience, and nanotechnology as well as
incorporation of nanostructures in the fabrication of power harvesting devices improve the
feasibility of thermal energy harvesting for real applications to the extent that flexible and
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stretchable energy harvesters are introduced for comfort and ease of integration to human body
curvilinear surfaces. However, research in this field is in progress to enhance the generated power
density as well as to improve the efficiency, stability, reliability, and flexibility of the device.
Advancements in this field, along with developments in the low-power electronic circuitries, could
provide a suitable platform in high performance devices for diagnostics and treatments.
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Chapter 3. Background of Photovoltaic Devices
3.1

Introduction
Prior to the development and fabrication of a colloidal quantum dot (CQD) photovoltaic cell

to harvest thermal radiation of the human body, a comprehensive understanding of photovoltaic
principles, quantum dots, and CQD photovoltaics are required. In this chapter, fundamentals of
photovoltaics, types of photovoltaic devices, quantum dots and principles, along with
photovoltaics based on colloidal quantum dots are described. Then, the effects of the different
parameters on the performance of the CQD photovoltaic cell are reviewed.
Photovoltaic devices operate by converting light into electricity accommodated by
semiconductor materials exhibiting the photovoltaic effect. The photovoltaic effect was first
discovered by Becquerel in 1839, who found that light can generate electric current in certain
materials. Einstein described the nature of light and photovoltaic effect in 1905 and later received
the Noble prize in 1921.
3.1.1 Principles of Photovoltaics
Operation of the photovoltaic devices is based on the photovoltaic effect, observed for the first
time as the light-dependent voltage on the electrodes in an electrolyte. The photovoltaic effect
involves two key processes. The first process is the absorption of light (incident photon of energy
higher than the bandgap of the semiconductor) and generating electron-hole pairs. The second
process is the collection of photogenerated carriers before recombination occurs. In this
dissertation, attention is limited to the photovoltaics based on the semiconductor materials. If ntype and p-type semiconductors join together, electrons would diffuse from n-type (high
concentration) to p-type (low concentration) and holes would flow from p-type (high
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concentration) to n-type (low concentration) regions. As shown in Figure 3-1 (a), this charge
diffusion leaving positive ions (donors) in n-type and negative ions (acceptors) in p-type regions
built-up an electric field at the interface between two semiconductor materials. This electric field
sweeps all free carriers out of this region. The region that is freed from carriers is called the
depletion region. The electric field built-up a built-in potential (Vbi), shown in Figure 3-1 (b),
which is a barrier for minority carrier injection. Built-in potential is equal to the difference of the
Fermi levels of p-type and n-type semiconductors before bringing them together. After joining
together, both Fermi levels are aligned at the same energy level at thermal equilibrium.
In photovoltaic cells, photons carrying energy higher than the bandgap energy of the
semiconductor generate electron-hole pairs. The p-n junction can prevent recombination of the
photogenerated electron-hole pairs by separating them as a result of the action of the built-in
electric field. In particular, photogenerated carriers inside the depletion region or minority carriers
within a diffusion length of the depletion region are swept across the junction and contribute to the
photocurrent.
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Figure 3-1. P-n junction formation. (a) Depletion region formation due to the carrier diffusion at
the interface between p-type and n-type semiconductor by bringing them together. (b) Energyband diagram at thermal equilibrium after p-n junction formation. Fermi level is aligned for both
types of semiconductors.

Basically, photovoltaic devices can be characterized by three parameters including short circuit
current (ISC), open circuit voltage (VOC), and fill factor (FF). The upper limit of the short-circuit
current can be calculated by the assumption that each incident photon carrying energy higher than
the bandgap energy of the semiconductor can generate one electron-hole pair contributing to the
photocurrent. Although photons of energy several times the bandgap energy can generate more
than one electron-hole pair by impact ionization, this mechanism is not significant in photovoltaics
since the spectrum of the sunlight reasonably lacks the presence of such photons for conventional
semiconductor materials. It is trivial that as the bandgap of the active layer of the photovoltaic
device decreases, the short circuit current density increases since more photons in the solar
spectrum have enough energy to generate electron-holes pair. Usually, it is not possible to reach
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the upper bound limit of the short circuit current because of the unavoidable optical and electronic
losses. These losses can be described as follows:
1. Some portion of incident light reflects back at the interface of different layers of the solar
cell and cannot reach the active layer.
2. Metallic electrical contacts between the p-n junction at solar cell grids block a portion of
sunlight.
3. Some of the photons with appropriate energy will pass out of the cell before contributing
to the absorption process.
4. Recombination is another source of the loss. Photogenerated carriers near the p-n junction
mostly contribute to short-circuit current. Carriers generated away from the p-n junction or
at the surface of the semiconductor have a higher chance to recombine before they reach
the terminals of the device.
Open circuit voltage is a parameter of the photovoltaic cell. In an ideal p-n junction, open
circuit voltage is given by
𝑉𝑂𝐶 =

𝐾𝑇
𝐼𝐿
𝑙𝑛 ( + 1)
𝑞
𝐼0

(3.1)

where q is the electronic charge, K is the Boltzmann constant, T is the temperature, IL is the lightgenerated current, and I0 is the saturation current. Open circuit voltage depends on the properties
of the semiconductor, especially the bandgap of the semiconductor, by virtue of its dependence on
I0. The upper band for VOC decreases by reducing the bandgap of the semiconductor incorporated
in the photovoltaic device, while the opposite effect is observed for short circuit current density.
This means for the highest efficiency, the optimum band-gap semiconductor is required. Moreover,
recombination in the semiconductor material deteriorates open circuit voltage from its ideal value.
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The more the recombination rate in the bulk semiconductor material and its surface, the lower open
circuit voltage is.
Generated power varies as a function of the operating point where at one particular operating
point (Vm, Im), output power is maximized. Based on this point, the third parameter is defined as
the fill factor (FF) and is given by
𝑉 𝐼

𝐹𝐹 = 𝑉 𝑚 𝐼𝑚 .
𝑂𝐶 𝑆𝐶

(3.2)

Fill factor is also adversely affected by the recombination of photogenerated carriers at the
depletion region through the trap states since fill factor ideally depends on the open circuit voltage.
3.1.2 Types of Photovoltaics
Various kinds of materials are used in photovoltaic cells. Based on the materials and structures
it can be divided into five categories: multijunction cells, single-junction GaAs cells, crystalline
Si cells, thin-film technology, and emerging PV.
Among the solar cell materials, high efficiency and long-term stability of GaAs photovoltaics
make them a suitable choice for photovoltaic cells. Single junction GaAs photovoltaics (without
concentrator) holds the record of 27.6% power conversion efficiency [172]. Although a high
concentration multijunction structure shows higher efficiency over 46% [173], higher price limits
their application.
Crystalline silicon solar cells (the first-generation solar cells) are produced with high purity
silicon on a silicon wafer. These types of solar cells are the most popular and are categorized into
single crystalline (monocrystalline) or polycrystalline silicon solar cells. Monocrystalline solar
cells have a higher efficiency rate, perform better, and live longer but are expensive in comparison
to polycrystalline solar cells. Monocrystalline and polycrystalline solar cells with photoconversion
efficiencies over 26% [174] and 21.9% [175], respectively, are made in laboratories.
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Another type of solar cell is based on thin-film technology. Thin film photovoltaic cells are
fabricated by depositing multiple thin film layers of photosensitive materials on to the substrate.
These kinds of solar cells, made from a variety of materials, still have low efficiency but are a
suitable choice for portable and lightweight devices with low power requirements. Silicon,
cadmium telluride (CdTe), and copper indium gallium selenide (CIS/CIGS) are more commonly
used materials for thin film technology. The efficiency of 22.6% is reported for non-concentrated
thin film technology [176]. Mass production of this kind of photovoltaic cells is simple and can be
made on flexible substrates, but degrade faster than monosilicon and polysilicon solar cells.
There are new generation photovoltaic cells which are not commercially available. They have
shown promising performance at the early stages of research with the potential to be
commercialized in the future. Some of these emerging photovoltaic cells are: dye-sensitized
photovoltaics, organic photovoltaics, and quantum dot-based photovoltaics.
▪

Dye-sensitized photovoltaics is a photoelectrochemical system based on a monolayer of the
charge transfer dyes between a photosensitized anode such as mesoporous oxide layer of
nanometer-sized particles made of TiO2 or ZnO and an electrolyte. Degradation of dye
molecules, electrolyte stability at freezing and high temperature are some of the challenges of
this kind of photovoltaics. After years of research, researchers achieved efficiency of 11.5%
for dye-sensitized PVs [177].

▪

Organic photovoltaics are usually flexible because of the nature of the polymers incorporated
in the device. Conjugated polymers such as poly[2-methoxy-5-(2’-ethylhexyloxy)-pphenylene vinylene] (MEH-PPV) are used as a sunlight harvesting layer. Organic
photovoltaics open up a new horizon for new applications such as bendable and stretchable
photovoltaics on non-rigid substrates [178, 179].
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▪

Quantum dot-based photovoltaics are composed of the nanometer scale semiconductors.
Fortunately, with the advent of new technologies that can control the size of the nanoscale
materials, bulk semiconductors are going to be replaced by these nanoscale semiconductors.
Researchers could fabricate photovoltaics based on quantum dots with the efficiency of 13.4%
[180]. Easy fabrication, low cost, narrow and tunable spectral response, large area coverage,
and high sensitivity are among the reported advantages of the photovoltaics based on colloidal
quantum dots [76, 181-185]. Bandgap energy of quantum dots is tunable by adjusting the size,
shape, and material composition of nanocrystals [186, 187] and gives the opportunity to harvest
infrared radiations of the sunlight. Absorption spectrum can be easily tailored for optimal
performance by bandgap engineering. Colloidal quantum dots (CQDs) can be deposited on a
wide variety of substrates such as conducting, insulating, flexible, rigid, crystalline, or
amorphous substrates. Simple fabrication methods such as spray coating, spin coating, drop
casting, low-temperature evaporation, layer-by-layer deposition technique, and inkjet printing
can be easily applied. This makes the fabrication process definitely modest in comparison to
the high vacuum, high temperature, and costly epitaxy technique used for conventional
photovoltaics.

3.1.3 Overview of Quantum Dots
Quantum dots (QDs) are semiconductor nanocrystals with the same crystal structure of the
corresponding bulk material but they exhibit different optical and electronic behavior. Electronic
and optical properties of quantum dots are strongly determined by their shape and size [188, 189].
During the fabrication process, the properties of quantum dots can be effectively tuned between
the behavior of corresponding bulk materials and the behavior of constituent atoms or molecules
of their crystal lattice. This gives more opportunities to tailor emission and absorption spectra
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based on the desired application including photovoltaics (PV), photodetectors (PDs), light emitting
diodes (LEDs), electronics, biology, photocatalysts, computing and so on.
Typical quantum dots are made of binary compounds [188, 189], including II-IV and IV-VI
group compounds such as cadmium sulfide (CdS), cadmium selenide (CdSe), lead sulfide (PbS),
lead selenide (PbSe), cadmium telluride (CdTe), lead telluride (PbTe), zinc selenide (ZnSe), zinc
sulfide (ZnS), and mercury telluride (HgTe), as well as some ternary compound structures such as
ZnCdSe, CdHgTe, and ZnSeTe. Based on the material properties each of them has specific
applications. ZnS and ZnSe as non-toxic semiconductor materials are appropriate to be used in
biological applications such as biolabeling. Incorporating a wide optical bandgap, zinc
chalcogenides are also suitable materials as a shell in a core/shell structure to prevent either the
escape of exciton or non-radiative recombination in trap states. ZnSe quantum dots exhibiting sizedependent photoluminescence is a suitable candidate for optoelectronics in the near UV and blue
light [190]. Stability of CaTe, CaS, and CaSe in biological media provides promising materials for
bioimaging applications. Photoluminescence of CaTe is effectively tunable in the visible region.
In order to address the longer wavelengths (narrower bandgap), CaHgTe is a good candidate for
near-infrared (NIR) region [191]. HgTe, PbS, and PbSe are narrow bandgap bulk semiconductor
materials that are suitable for near-infrared applications in nanocrystal form. Since HgTe has a
very poor colloidal stability, lead chalcogens (PbS or PbSe) have a great potential for photovoltaics
[192], optoelectronics [193], biological imaging, and telecommunications [194].
3.1.4 Principles of Quantum Dots
As mentioned before, quantum dots are nanoscale semiconductor materials behaving in a
specific manner which is intermediate between its bulk-material scale behavior and its atomic- or
molecular-scale behavior [188, 189]. For instance, quantum dots with the same material can emit
49

light with different colors depending on the size of the dots. The bigger quantum dots emit longer
wavelengths (lower energy photons) and the smaller ones emit shorter wavelengths (high energy
photons). Moreover, a significant fraction of the total number of atoms are in the surface of the
quantum dots and therefore surface properties play an important role in the overall properties of
the crystal.

Figure 3-2. Combination of the energy levels of constituent atoms forming the energy levels at
quantum dots and bulk materials. A limited number of constituent atoms at quantum dots leading
to discrete energy levels at conduction band and valence band, while bulk materials showing
continuous energy level at both conduction and valence band.

If the diameter of semiconductor nanocrystal is smaller than its Bohr radius, photogenerated
carriers are confined in the nanocrystal which is called quantum confinement. Quantum dots are
considered as zero-dimensional solids and charge carriers are confined in all three dimensions.
Therefore, we can consider the particle in a box model for quantum dots and energy levels can be
estimated from this model. As quantum dots get smaller in size (more confined charge carrier),
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energy levels become more quantized, leading to a larger separation between energy levels.
combination of constituent atomic energy levels can describe the electronic properties of the
quantum dots and corresponding energy levels in bulk material. As shown in Figure 3-2, contrary
to what is expected from bulk materials providing continuum energy levels in the conduction band
and valence band, discrete energy levels are allowed in quantum dots.
Since charge carriers can occupy discrete energy levels in quantum dots, like energy levels in
an atom, QDs can be considered as artificial atoms with discrete energy levels. Providing enough
energy to electrons of QDs on the valence band can promote them to conduction band leaving
empty states (holes) behind. For instance, a photon carrying energy higher than the bandgap energy
of the QDs can excite an electron to the conduction band and generate an electron-hole pair.
Consequently, excited electrons rapidly leave their excess energies in the form of phonon and they
relax to the lowest allowed energy levels in the conduction band. If recombination happens, a
photon releases with energy equal to the bandgap energy of the QD.
Based on the application, photogenerated carriers can either stay in the quantum dots and
recombine such as applications in biomedical imaging or be extracted from quantum dots such as
energy harvesting application. Core/shell structure can determine the behavior of photogenerated
carriers in the quantum dots. Cores and shells are from different materials such as cadmium sulfide
(CdS), cadmium selenide (CdSe), lead sulfide (PbS), lead selenide (PbSe), zinc sulfide (ZnS), and
zinc selenide (ZnSe) with different bandgap sizes, leading to heterojunction structures at the
interface between materials. Two types of heterojunction structures are shown in Figure 3-3. Type
I heterojunction confines photogenerated carriers inside the core and eventually, they have to be
recombined, but type II heterojunction facilitates photogenerated charge separation at the interface
layer between core and shell, providing different physical media for different types of carriers. For
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instance, type II heterojunction decreases recombination rate and consequently, increases carrier
diffusion length by keeping one type of photogenerated carrier inside the core and transferring the
other type of the carrier into the shell.

Figure 3-3. Heterojunction structures forming at the interface between core and shell at core/shell
quantum dot structure. Type I confining photogenerated electrons and holes inside the core. Type
II confining one type of photogenerated carriers inside the core and the other inside the shell.

3.1.5 Colloidal Quantum Dots
The advent of colloidal quantum dots (CQDs) has dramatically improved the progress in the
field of solution-processed optoelectronics. Colloidal quantum dots (CQDs) are semiconductor
nanocrystals capped with organic or inorganic materials and dispersed in the solution.
Optoelectronic devices can be easily made with colloidal quantum dots [189]. Capping molecules
or ligands prevent aggregation, sintering, contamination and provide stability of the solution.
Colloidal quantum dots render low cost and low temperature synthesized process. Also, the
dimension of the nanocrystals tunes during the fabrication process providing more flexibility in
tailoring the optical and electronic properties. The colloidal synthesized method dominates interest
in the field of optoelectronics since it enhances functionality and availability of the devices and
offers simple and cheap fabrication methods.
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CQDs can be deposited on any types of substrate including conducting, insulating, rigid,
flexible, amorphous or crystalline. Spray coating, spin coating, and inkjet printing are some of the
methods that can be used as the deposition techniques, and thereby it facilitates fabricating a sensor
with a large sensing area. As mentioned earlier, the spectrum can be easily tuned by the diameter
of the quantum dots to absorb or emit the specific wavelength of interest. This made the design
simpler and cheaper in comparison to other methods. For instance, absorption spectra of PbS
quantum dots of sizes between 3.26 nm to 8.47 nm in diameter can approximately address the
wavelength from 975 nm to 1975 nm [195].
To fabricate an optoelectronic device, thin film layers of colloidal quantum dots need to be
deposited by techniques such as spin coating, drop casting, or dip coating methods followed by
solvent evaporation. Spin coating usually provides a high-quality thin film. Basically, original
colloidal quantum dots are capped with long molecules to establish highly stable dispersion and
high resistivity against oxidation and contaminations. These initial long-chain organic ligands are
insulators that practically block charge carrier transport between quantum dots or between
quantum dots and other materials, and they also prevent fabricating closely packed nanocrystal
thin film. For an application where charge injection such as light emitting diodes or charge
extraction such as photovoltaic cells is required, long-chain ligands should be replaced with shortlength ligands providing an efficient carrier transport medium.
The ligand exchange process can be performed in the solution [196] before film deposition
which is called the solution-processed ligand exchange method or can be done during film
formation after depositing each layer which is called the solid-state ligand exchange process. The
solution exchange method facilitates the fabrication process since a thick layer film can be
deposited in one step but the solid-state ligand exchange process required layer by layer deposition
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technique and ligand exchange process is required after depositing each thin layer till reaching the
desired film thickness.
3.1.6 Effects of Surface Properties
As it was mentioned earlier, surface properties play an important role in the overall properties
of quantum dots because of the high surface to volume ratio. Therefore, the surface states should
be properly passivated by capping with a semiconductor shell or with ligands. Colloidal quantum
dots require ligands to be stable and soluble in the solvent. During the fabrication process, QDs
usually undergo the ligand exchange process to decrease the inter-QDs distance, leading to
enhancement in carrier mobility by decreasing the barrier width between QDs. On the other hand,
changing the ligand can also change the dipole strength in the quantum dot-ligand interface,
shifting the vacuum energy level which affects conduction band minimum (CBM), valence band
maximum (VBM), and Fermi energy levels [195, 197-199]. A study showed that energy levels of
the same size lead sulfide QDs vary up to 0.9 eV between different ligands [200]. However, it is
worth noting that bandgap energy of the QDs remains practically unchanged after the ligand
exchange process.
After the ligand exchange process, non-passivated surface atoms leave some density of states
inside the forbidden region of the energy levels. These states are called mid-gap states or trap
states. Trap states usually have detrimental effects on the performance of optoelectronic devices
by decreasing carrier diffusion length and providing recombination centers for the charge carriers.
Therefore, trap states decrease injection or extraction efficiency of charge carriers to or from the
active area of the device. Organic ligands leave a high density of trap states but short molecular
ligands such as hydrazine and halides very well passivate the surface atoms of the quantum dots.
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Since the surface of the quantum dots highly influences the overall electronic properties of the
nanocrystal, quantum dots can be doped by simply modifying the surface of them without
introducing dopants to the entire lattice. Doping through surface modification is a low-temperature
process performed during the ligand exchange process. Organic ligands are p-type and halides are
n-type dopants for lead sulfide quantum dots.
Moreover, high atomic surface to core ratio provides higher reactivity towards oxygen in QDs
in comparison to corresponding bulk materials. Surface oxidation is the other source of the trap
states. Suitable surface passivation can prevent or decrease the oxidation rate. For instance,
passivation with halides enabled better oxygen resistance devices.
3.2

Photovoltaics Based on Colloidal Quantum Dots
In the last decade, colloidal quantum dots (CQDs) have shown promising contributions in the

fabrication process of photovoltaic cells by providing simple and low-cost processing methods,
enabling fabrication on a wide variety of substrates using spin coating, dip coating, and drop
casting methods. Performance of CQD PV cells has improved rapidly during the last decades,
reaching a power conversion efficiency (PCE) of more than 13% [180]. Several options are
contributed to performance enhancement that we will discuss below.
3.2.1 Semiconductor Parameters
The electronic properties of the photosensitive layer, made of proper semiconductor, affects
the overall performance of the device. This section studies the impact of the important parameters
of the colloidal quantum dot film including carrier mobility, mid-gap trap density, carrier diffusion
length, and doping.
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Carrier mobility is one of the semiconductor parameters that significantly affects the
performance of the device. Short circuit current density (JSC) and fill factor (FF) of photovoltaic
cells are related to the carrier mobility. Carrier mobility of colloidal quantum dot films is strongly
related to the surface properties which are affected by the ligands. Organics, metal chalcogenide
complexes, and halides are three types of ligands commonly used to passivate the surface of the
quantum dots. Halide and metal chalcogenide ligands provide higher carrier mobility in
comparison with that of bulky organic ligands [201]. Although metal chalcogenide ligands showed
higher carrier mobility than that of halides, they have not yet introduced high-performance
photovoltaic cells. Iodine ligand showed enhancement in film carrier mobility to over 10-1
cm2/(Vs).
To improve the performance of the PV cell, mid-gap trap density is another parameter that
should be considered. Trap states inside the bandgap of the semiconductor have detrimental effects
on the performance of the PV cells by reducing short circuit current density, open circuit voltage
(VOC), and fill factor. Some of these trap states result from surface states that are not wellpassivated. These trap states can reduce splitting of the quasi-fermi level. They can also act as
recombination centers and lead to reduce the population of the photogenerated carriers. Organic
ligands leave a high density of bandgap defects in comparison with inorganic ligands such as
halides [202]. So far, the hybrid ligand strategy is the best solution to decrease bandgap defect
concentration [203].
Carrier diffusion length is another important parameter for PV cell performance which is
related to the minority carrier mobility and carrier lifetime (τ). Longer diffusion length allows for
a thicker active layer providing higher photocurrent. Theoretical studies illustrate the relation
between the trap state density of the CQD film and carrier lifetime or carrier diffusion length. Since
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trap states increase nonradiative recombination rate, high trap density of the film reduces carrier
lifetime and carrier diffusion length. Although hybrid passivation method illustrated a high
diffusion length of 70 nm for CQD films [203], the dot-to-dot mutual surface passivation method
achieved CQD films with diffusion length three times longer than the previous method [204].
Semiconductor doping is a required process in photovoltaic devices. It is a simple and practical
method to dope colloidal quantum dots using ligands during the fabrication process. This process
gives more flexibility to fabricate films with different doping types and densities from the same
synthesized colloidal quantum dots. Treatment with halides usually provides n-type film while
selenium solution changes into a p-type film formation. Oxidation can affect doping type and
density and provide p-type characteristics. Oxidation of n-type films can also change it to p-type
film.
3.2.2 Device Structures
The architecture of photovoltaic cells can improve the performance of the device. This section
provides an overview of the device structures that have been introduced in this field.
Schottky photovoltaic cells take advantage of a rectifying junction formed between colloidal
quantum dot film and a metallic contact made of a shallow workfunction metal such as aluminum
(Al), calcium (Ca), silver (Ag), and magnesium (Mg). Figure 3-4 shows a rectifying Schottky
barrier formed at the semiconductor-metal interface at zero bias. The CQD film is the absorber
and charge transport medium. Light transmits into the absorber through another transparent contact
such as indium tin oxide (ITO). This structure has a low performance because of the Fermi level
pinning at the rectifying junction between the metallic contact and CQD film. Moreover,
illumination at the transparent contact decreases the performance of the device since it is required
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for maximum photogeneration to occur in a region close to the rectifying contact. Power
conversion efficiency (PCE) of 5.2% is reported for this structure [205].

Figure 3-4. Band diagram for a Schottky junction forming at an n-type semiconductor-metal
junction.

Heterojunction structures improve the performance of the CQD photovoltaic cells since they
address the drawbacks of the Schottky architecture. Generally, the structure consists of a p-n
junction with different bandgap sizes. A typical band diagram of a heterojunction formed between
two dissimilar semiconductors is shown in Figure 3-5. In a CQD photovoltaic heterojunction
structure, wide bandgap metal oxide such as titanium dioxide (TiO2) or zinc oxide (ZnO) forms a
highly-doped n-type junction layer and CQDs form the p-type layer. Typically, glass is used as a
substrate covered with a transparent conductor such as ITO forming one side contact. The other
contact consists of a deep work function metal such as gold (Au). Since there is no absorption in
the n-type wide bandgap layer of the structure, photogeneration occurs close to the p-n junction
improving the performance of the device. Usually, the depletion region is mostly extended through
the quantum dots layer so that photogenerated carriers swipe off under the junction field before
recombination occurs. Power conversion efficiency of over 13% is reported with this architecture
[180].
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Figure 3-5. Band diagram for a heterojunction forming at a junction between two dissimilar
semiconductors.

3.2.3 Carrier Extraction Methods
Electric contacts should facilitate extraction of photogenerated carriers to achieve highperformance devices. Suitable band alignment and trap free interfaces are two important
parameters in electron and hole extraction contacts.
The top metallic contact can be used as a hole extraction electrode as well as a perfect reflecting
contact. Gold as a deep work function metal making Ohmic contact to p-type CQD films
significantly improves hole collection efficiency. To replace the use of this high-cost precious
metal with a low-cost metal without affecting the hole collection efficiency, an interlayer of high
bandgap lithium fluoride (LiF) or transition metal oxides consisting of molybdenum oxide (MoOx)
or vanadium oxide (V2Ox) is required between p-type CQD film and low-price metallic contact
such as aluminum. This interlayer improves the hole extraction efficiency of the photovoltaic cell
by preventing the formation of the reverse bias Schottky junction between the p-type CQD layer
and the top contact metal.
To optimize the electron extraction efficiency, heterojunction structure made of n-type
titanium dioxide (TiO2) or zinc oxide (ZnO) has been used between the transparent bottom
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electrode consisting of indium tin oxide (ITO) or fluorine doped tin oxide (FTO) and CQD film.
Although they can provide optimal band offset for efficient carrier extraction, recombination at
the interface between metal oxide and the semiconductor is the performance limiting factor. There
are some strategies to decrease the carrier concentration at the metal oxide layer. For instance,
doping ZnO with nitrogen can prevent interfacial recombination in ZnO leading to higher open
circuit voltage [206]. Phenyl-C61-butyric acid methyl ester (PCBM) is another option for the
electron transport layer, providing low trap density and suitable band alignment at the interface
[207].
3.3

Summary
In this chapter, the general principles of photovoltaics, quantum dots, and photovoltaics based

on quantum dots were studied. Semiconductor parameters of the colloidal quantum dots such as
carrier mobility, trap density, carrier diffusion length, and doping density are highly affected by
the surface properties because of the high surface to volume ratio. Improvement in quantum dot
surface passivation is one method to achieve high-performance photovoltaic devices. Halides can
effectively passivate the surface of the quantum dots and leave a low density of trap states.
Moreover, the architecture of the device is another key parameter. Heterojunction usually shows
better performance than the Schottky junction photovoltaic cells. Incorporating suitable charge
extraction layers is the other strategy to improve the performance of the device by decreasing the
recombination rate at the interface of the layers. However, harvesting of human body thermal
radiation is still the major challenge of photovoltaic cells because the emitted photons are much
smaller in energy than the semiconductor bandgap. In the following chapters, this problem is going
to be addressed.
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Chapter 4. Ligand Exchange Process
4.1

Introduction
As a first step toward approaching the objective of harvesting human body infrared

radiations, a desirable ligand exchange process is developed to alter initial long chain oleic acid
ligand with the short isopropylamine ligand. The purpose of this chapter is to explain the ligand
exchange process. In addition, a Fourier transform infrared (FTIR) spectroscopy is performed to
verify the validity of the ligand exchange process. The content of this chapter is partially taken
from the previously published articles titled “The effect of isopropylamine-capped PbS quantum
dots on infrared photodetectors and photovoltaics,” published in 2017 in Microelectronic
Engineering [77] and “Lead Sulfide Colloidal Quantum Dot Photovoltaic Cell for Energy
Harvesting from Human Body Thermal Radiation“ published in 2018 in Applied Energy [8].
As we mentioned earlier, electronic and optical characteristics of the colloidal quantum dot
films are significantly influenced by the surface properties because of the high atomic surface to
core ratio. Surface modification affects overall properties of the quantum dots such as doping type,
doping density, conduction band level, valence band level, photoluminescence, charge extraction
efficiency, carrier mobility, carrier diffusion length, and density of mid-gap trap states. Therefore,
the surface of quantum dots should be properly treated with specific materials to achieve the
desired behavior of QDs and ensure stability before the formation of the photosensitive layer. The
surface of the quantum dots is either capped with inorganic shells or organic ligands. Inorganic
shells (core/shell structure) can passivate surface states as well as provide long lasting isolation,
provide better optical properties, and prevent oxidation. However, core/shell structure usually hold
the photogenerated carriers inside the core. Organic ligands such as oleic acid (OA) or butylamine
are other materials that can cover the surface of the QDs to passivate the surface states while
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ensuring solubility and stability of QDs inside the solvent providing a suitable platform for
solution-process optoelectronic devices.
4.2

Principles
Colloidal quantum dots are capped with surfactant molecules to ensure the solubility and

stability of the solution. Since capping materials affect the surface properties of quantum dots, they
should be properly replaced by other ligands to provide desired optical and electronic
characteristics for the application. The key advantage of capping materials is to properly passivate
trap states on the surface of quantum dots in which passivation helps to restore photoluminescent
intensity and decrease nonradiative recombination. On the other hand, the capping materials
usually act as a barrier on the surface of the quantum dots. Optoelectronic devices such as
photovoltaic cells, light emitting diodes, and photodetectors require charge extraction or charge
injection from or to the active layer. This barrier strongly affects exciton dissociation yield or
charge injection and charge transfer efficiencies depending on the width of the barrier between
quantum dots which is the same as the thickness of the capping material.
PbS quantum dots are usually supplied with oleic acid (OA) ligand as the capping
surfactant agent that makes a 2.5 nm barrier in the path of photogenerated carriers. This barrier
almost blocks charge transfer and confines the photogenerated charges inside the quantum dot.
Short ligands not only help to have a more densely packed film of nanoparticles but also can
efficiently improve exciton dissociation and photogenerated carrier extraction [208]. As it is shown
in Figure 4-1, short capping materials provide a thinner barrier in the path of the photogenerated
charges and let them easily tunnel through the barrier. Metal chalcogenide complexes (MCCs)
[209], halides [210], and short organic [211] (e.g. octylamine, butylamine, etc.) ligands are the
most commonly used ligands.
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Figure 4-1. Ligand affecting the wave function of the particles past the barrier. Thick ligands
acting as a thick barrier in the path of the particles and exponentially decaying wave function of
the extracted photogenerated carriers as a function of the barrier width.

Oleic acid provides good stability and solubility for lead sulfide (PbS) quantum dots but it
consists of 18 carbon atoms in the chain shown in Figure 4-2 (a) which practically block the
extraction of the photogenerated carriers. As shown in Figure 4-2 (b), isopropylamine as a short
ligand can provide the desired condition for charge carriers to easily tunnel through the barrier.
Ligands can be replaced inside the solution before device fabrication which is called the solutionprocessed ligand exchange method or it can be done during the device fabrication process while
making a CQD film which is called the solid-state ligand exchange method. In this work, the
solution-processed method was used to replace long-chain initial oleic acid ligand which covered
the surface of PbS quantum dots with short chain isopropylamine (IPAM) ligand.
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b)

a)

Oleic Acid
(C18H34O2)

Isopropylamine
(C3H9N)

Figure 4-2. (a) Oleic acid with 18 carbon atoms making a thick barrier around the quantum dots
and practically blocking charge transfer between dots. (b) Isopropylamine with 3 carbon atoms
providing a very thin barrier around the quantum dots and facilitating tunneling effect.

4.3

Solution-Processed Ligand Exchange
In this section, we introduce a solution-processed ligand exchange method to replace the

original long-chain oleic acid ligand capped PbS CQDs with short-chain isopropylamine ligand
through a simple chemical process at room temperature.

PbS QD
QD
PbS

O

Oleic Acid

Oleic acid capped
PbS QDs

OH

Precipitation
In methanol

Dispersion in
isopropylamine

Precipitation
In IPA

Dispersion in
Chloroform

Figure 4-3. Solution-processed ligand exchange method. Ligand exchange process consisting of
two times precipitation in methanol, followed by dispersion in isopropylamine for three days,
then precipitation in isopropyl alcohol, and finally redispersion in chloroform.
PbS quantum dots with a peak emission of 𝜆=1200 nm, capped with oleic acid, and
dispersed in toluene (10 mg/ml) were purchased from Strem Chemicals Inc. (Newburyport, MA).
The ligand exchange process, shown in Figure 4-2, required two steps of precipitating the colloidal
quantum dots with methanol and redispersing in toluene to make 10 mg/ml solution. After final
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precipitation, completely dried CQDs were redispersed in excess isopropylamine. The solution
stays for three days inside inert atmosphere at room temperature. After three days, the PbS CQDs
were precipitated with isopropyl alcohol (IPA) and then completely dries QDs were dispersed in
chloroform to make 10 mg/ml solution.
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Figure 4-4. FTIR spectrum of the isopropylamine capped PbS QDs showing replacement of oleic
acid by isopropylamine. C-N stretching peak at 1400 cm-1 and C-H stretching peaks in the range
of 2840-3000 cm-1 illustrates the presence of the amine with PbS quantum dots.

4.3.1 Measurement
Fourier transform infrared spectroscopy (FTIR) is used to analyze and detect the type of
capping materials of the PbS QDs. FTIR analysis illustrates that the initial oleic acid ligand
completely replaced by isopropylamine on the surface of PbS CQDs during solution-processed
ligand exchange method. FTIR spectrum (Figure 4-4) shows an amine C-N stretching peak at 1400
cm-1 and amine C-H stretching peaks in the range of 2840-3000 cm-1. These peaks indicate the
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presence of isopropylamine on the surface of the PbS QDs. The absence of C=O stretching (in the
range of 1700-1730 cm-1), and C-O stretching (in the range of 1210-1320 cm-1) peaks related to
carboxylic acid end group and a C=C stretching peak of oleic acid (in the range of 1600-1660 cm1

) in the FTIR spectrum indicate that the oleic acid ligand was completely removed from the

surface of the PbS quantum dots and successfully replaced by isopropylamine. Moreover, the peak
at 2360 cm-1 and the wide peak after 3000 cm-1 are related to the asymmetrical stretch of CO2 and
the humidity of ambient air, respectively.
4.4

Solid-State Ligand Exchange
Solid state ligand exchange process usually produces a higher quality thin film of PbS

quantum dots. As the future work, the new devices will be built incorporating solid state ligand
exchange process. In this method, ligand exchange process performs during the device fabrication
process. In particular, during layer by layer deposition process, initial ligand is altered with target
ligand after depositing each layer of quantum dots. Highly packed quantum dots layer can be
formed during solid-state ligand exchange process leading to improve semiconductor properties.
To exchange the ligand, Oleic acid (OA)-capped PbS quantum dots with the emission peak
at 𝜆 = 1,200 nm dispersed in toluene (10 mg/ml), were purchased from Strem Chemicals Inc.
(Newburyport, MA), and were precipitated with methanol and then re-dispersed in isopropylamine
(10 mg/ml). Substrates (ITO-coated glass, n-type and p-type GaAs substrates) were cleaned with
solvents in ambient air and then treated with an oxygen plasma. The photosensitive layer (a thin
film layer of PbS quantum dots) was fabricated with a layer-by-layer deposition technique. For
each layer, about 20 µl of prepared PbS quantum dot solution was deposited by spin-coating onto
the substrate at 2000 rpm for 20 s. Then the solid-state ligand exchange process was applied for
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each layer by applying isopropylamine solution (20% by volume in ethanol) onto the substrate for
60 s followed by rinsing with the same solution.
4.4.1 Measurements
During the solid-state ligand exchange process, oleic acid was replaced by isopropylamine
(IPAM). Figure 4-5 shows Fourier transform infrared spectroscopy (FTIR) spectra of oleic acid
and isopropylamine surface passivated PbS quantum dots. To probe the existence of
isopropylamine on the surface of the PbS nanoparticles after the ligand exchange process, we
investigated the amine peaks at FTIR spectra of the isopropylamine capped PbS nanocrystals. The
peaks related to the amine C-N stretching at 1030 cm-1 and amine N-H out-of-plane bending at 837
cm-1 indicate the presence of isopropylamine on the surface of the PbS QDs. In addition to the
presence of the amine group, FTIR also showed further evidence of isopropylamine with a strong
CH3 bending at 1390 cm-1. The absence of CH2 bending modes at 721 cm-1 and 1465 cm-1
signatures, as observed for oleic acid capped PbS quantum dots, indicates complete removal of
oleic acid ligand.
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Figure 4-5. FTIR spectra of PbS quantum dots capped with oleic acid (initial ligand) and
isopropylamine (after ligand exchange process).
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Figure 4-6. Optical absorption spectrum of a thin film of oleic acid-capped PbS QDs (dashed
line) and isopropylamine-capped PbS QDs (solid line).

Figure 4-6 shows the absorption spectrum of a thin film of the original oleic acid (OA)capped PbS QDs and isopropylamine (IPAM)-capped PbS QDs both on a glass slide. The first
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exciton absorption peak of a thin film layer of OA-capped PbS QDs was observed at 𝜆 = 990 nm
and that of a thin film layer of IPAM-capped PbS QDs was observed at 𝜆 = 984 nm corresponding
to an optical bandgap of Eg = 1.26 eV. The small blue shift observation for IPAM-capped PbS
QDs is the result of ambient air exposure during measurement [212]. The presence of
approximately the same excitonic absorption peaks implies that photogenerated carrier
wavefunctions remain localized on individual PbS QDs even after the solid-state ligand exchange
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process [213].
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Figure 4-7. Ultraviolet photoelectron cutoff spectra of 50-nm-thick of isopropylamine-capped
PbS QD film on a gold substrate, the left panel displaying high-binding-energy cutoff for work
function calculation and the right panel displaying low-binding-energy cutoff for energy
difference between valence band and Fermi level calculation.
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Moreover, surface chemistry of the PbS QDs determines dipole strength at the interface
between QD and ligand. The ligand exchange process influences the dipole strength and shifts the
vacuum level [200]. Ultraviolet photoelectron spectroscopy (UPS) can provide a measure of the
energy distribution of occupied states. We have also used it to measure the valence band maximum
(VBM) and the Fermi energy level (EF) of IPAM-capped PbS QDs.
Figure 4-7 shows the energetics-relevant parts of the UPS spectrum from a 50-nm-thick
film made of isopropylamine-capped PbS QDs on a gold-coated silicon substrate. The left portion
of that panel in Figure 4-7 displays high binding energy cut-off of the UPS spectrum referenced to
EF = 0 eV and provides the data for work function measurement. This cut-off of secondary
electrons, determined from the information provided by the intersection of the binding energy axis
and the linear extrapolation of the cut-off region, is located at binding energy of EB = 105.9 eV
resulting in work function of Φ = hʋ - 105.9 = 4.74 eV. The right panel in Figure 4-7 displays the
low binding energy measurement of the valence band maximum energy. EVBM also referenced to
EF = 0 eV was determined by the data provided from the intersection of the baseline to the linear
extrapolation of the cut-off region. The intersection is located at 0.61 eV corresponding to the
distance between the Fermi level and the VBM. When referenced to the vacuum level (Evac = 0)
valence band energy is located at EVB = –5.35 eV. The energy of the conduction band minimum,
EC, approximately equals the sum of the valence band maximum energy level and electronic
transport gap energy (Eg). Electronic transport gap energy equals the optical bandgap energy (Egopt)
plus columbic stabilization energy of the confined electron and hole. EC can be calculated as follow
[200]:
𝐸𝐶 = 𝐸𝑉 −

𝐸𝑔𝑜𝑝𝑡

𝑒2
− 1.786
4𝜋𝜀0 𝜀𝑄𝐷 𝑅
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(4.1)

where e is the charge of the electron, 𝜀0 is the permittivity of the free space, 𝜀𝑄𝐷 is the
optical dielectric constant of the PbS QD core material (𝜀𝑄𝐷 = 17.2 is considered), and R is the
radius of quantum dots. Optical bandgap energy of Egopt = 1.26 eV for a thin film layer of
isopropylamine-capped PbS QDs (QD diameter is 4.5 nm) corresponds to transport bandgap of Eg
= 1.33 eV. The energy of the conduction band minimum (CBM) therefore is at EC = –4.02 eV.
These energy levels shown in Figure 4-8 demonstrate the p-type semiconductor property of
isopropylamine-capped PbS QDs.
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Figure 4-8. Energy level diagram of isopropylamine-capped PbS QDs. First excitonic absorption
at 𝜆 = 984 nm is taken to calculate optical bandgap (Eg = 1.26 eV).
Since the sample had been briefly exposed to the ambient air during transport from the
inert-atmosphere glovebox to the UPS ultra-high vacuum chamber, we investigated the oxidation
states of the PbS QDs by X-ray photoelectron spectroscopy (XPS). These measurements were
conducted on the same sample in the same vacuum chamber immediately following the UPS
measurements. Figure 4-9, shows S 2p3/2 and 2p1/2 core levels at 161.6 eV and 162.9 eV of the PbS
film. As seen in Figure 4-9, the XPS spectrum does not exhibit peaks at 167.4 eV for sulfite (SO32) corresponding to lead sulfite (PbSO3) nor are there peaks at 168.9 eV for sulfate (SO42-)
corresponding to lead sulfate (PbSO4). Furthermore, XPS did not show any peaks in the range 529-
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533 eV associated with the O 1s core level indicating that PbS QDs were not oxidized during the
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Figure 4-9. X-ray photoelectron spectroscopy (XPS) on the 50-nm-thick film of PbS QDs
deposited on the gold substrate illustrating no oxidation state for PbS QDs. The spectrum
revealing peaks at ~161.6 eV and 162.9 eV corresponding to PbS and no peak at 167.4 eV and
168.9 eV corresponding to SO32- and SO42-, respectively.

4.4.2 Experimental Method
4.4.2.1 UV-VIS-NIR Measurement
Optical absorption measurements were carried out in a Shimadzu UV/Vis/NIR
Spectrophotometer (190 to 3300 nm). The substrate for the sample was a 0.5 inch × 1 inch soda
lime glass. PbS quantum dots were spin coated on the substrate with a ligand exchange process,
performed as described above. This results in a 60-nm-thick film made of isopropylamine-capped
PbS QDs on a soda lime glass substrate.
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4.4.2.2 FTIR Measurement
All Fourier Transform Infrared spectroscopy (FTIR) measurements were undertaken at the
infrared microspectroscopy endstation at the Center for Advanced Microstructures and Devices
synchrotron facility of Louisiana State University. The Thermo Nicolet Nexus 670 FT-IR
spectrometer was used to collect the IR spectra of the samples. The spectrometer is equipped with
a DTGS detector and a Globar source. The sample was prepared by spin coating PbS quantum dots
on a clean gold-coated silicon substrate and performing ligand exchange process as described
before. This results in a 150-nm-thick film of isopropylamine-capped PbS QD film. The IR spectra
were acquired with 45o incident angle by using VeeMaxII Variable Angle Specular Reflectance
box. The FTIR transmission spectra of the substrates were carried out by means of IR transmission
mode of Thermo Nicolet continuum microscope.
4.4.2.3 UPS and XPS Measurements
Photoelectron spectroscopy was performed at the 5-meter toroidal grating monochromator
(5m-TGM) beamline at Center for Advanced Microstructures and Devices (CAMD) at Louisiana
State University and this instrument is described in detail elsewhere [28]. The beamline is equipped
with a photoemission endstation using an Omicron EA125 hemispherical electron energy analyzer
with five channel detector and dual Mg/Al X-ray source. UPS spectra were collected with a
constant pass energy of 10 eV, at a photon energy of 110.64 eV, and ultra-high vacuum with a
pressure of 10-10 mbar. All UPS spectra were acquired in normal emission geometry with a 45o
incident angle to the surface normal. The binding energies are referenced with respect to the Fermi
level of gold foil in electrical contact with the sample. The substrate for the sample was a 5 mm ×
10 mm gold-coated silicon. PbS quantum dots were spin coated on the substrate with a ligand
exchange process, performed as described above. This results in a 50-nm-thick film made of
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isopropylamine-capped PbS QDs on a gold-coated silicon substrate. Carbon tape was used to
electrically connect the sample to the sample holder plate. The sample was briefly exposed to the
air during the loading to the load lock. During measuring the high binding energy cut-off of the
UPS spectrum, the sample was biased at -10.0 V to separate the secondary edges of the analyzer
and the thin film.
X-ray photoelectron spectroscopy (XPS) performed on the same sample in the same
vacuum chamber immediately following the UPS measurement. The XPS spectra were collected
in the constant pass energy mode with pass energies of 20 eV.
4.5

Summary
The thickness of the ligand influences the charge transfer efficiency and the packing

density of the nanocrystals. Thick ligands act as a potential barrier in the path of the carriers and
practically block photogenerated charge carrier dissociation inside the quantum dots. In this
section, we introduced a method to replaced original long-chain oleic acid ligand capping the
surface of the PbS colloidal quantum dots with short chain isopropylamine ligand through a
solution phase ligand exchange process. Fourier transform infrared spectroscopy verified the
complete removal of the oleic acid and the presence of the isopropylamine ligand on the surface
of the quantum dots. The following chapter considers that a photovoltaic cell incorporating
isopropylamine-capped PbS QDs is required to evaluate the functionality of the ligand in
photogenerated charge dissociation and transportation.
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Chapter 5. The Effects of Isopropylamine on Infrared Photovoltaics
Performance

5.1

Introduction
The previous chapter provided a reliable solution-processed ligand exchange method to replace

charge blocking oleic acid ligand with isopropylamine ligand. FTIR results verified the presence
of the isopropylamine on the surface of the PbS quantum dots and removal of the oleic acid. In
this chapter, the goal is to fabricate a solution-processed near-infrared (NIR) photodetector and
photovoltaic cell. The photosensitive layer is a blend of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4phenylenevinylene] or MEH-PPV and the isopropylamine-capped PbS colloidal quantum dots. In
particular, we want to investigate the impact of the isopropylamine on the performance of the
device. Therefore, after the fabrication of the device, current-voltage characteristic, open circuit
voltage, and short circuit current density are to be investigated. The content of this chapter is taken
from the previously published article titled “The effect of isopropylamine-capped PbS quantum
dots on infrared photodetectors and photovoltaics,” published in 2017 in Microelectronic
Engineering [77].
A Short-wavelength infrared (SWIR) photodetectors have been developed for a multitude of
applications, including fiber-optic communication, night vision, remote sensing, etc. Conventional
infrared (IR) photodetectors based on monocrystalline semiconductors require a complex and
costly fabrication process in general. InGaAs photodiodes have been widely used for shortwavelength infrared (SWIR) detection application, but required molecular beam epitaxy process
significantly increases the fabrication cost. Moreover, required bump bonding limits the resolution
of an image sensor made of InGaAs. SiGe infrared photodetectors have high-speed performance,
which is good for optical communication applications, but they suffer from low responsivity. Over
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the past decade, solution-processed IR photodetectors can address the drawbacks of conventional
IR photodetectors [214, 215].
Quantum dots have been of interest in microelectronics for applications in photovoltaic devices
and optoelectronic sensors. Incorporation of quantum dots in traditional photovoltaics can enhance
the performance of the devices by extending the optical spectrum of the device [208, 216] or by
tailoring the photoluminescence spectra [217]. The advent of colloidal quantum dots (CQDs) has
dramatically improved the progress in the field of solution-processed optoelectronics, including
solution-processed photodetectors, photovoltaic devices, and light emitting diodes [76, 181-185].
Bandgap energy of quantum dots is tunable by adjusting the size, shape, and material composition
of nanocrystals [186, 187]. Absorption spectrum can be easily tailored for optimal performance by
bandgap engineering, leading to decrease in the noise level associated with thermal photon
absorption. Moreover, the structure is simpler and cheaper since an optical filter is not required.
CQDs can be deposited on a wide variety of substrates such as conducting, insulating, flexible,
rigid, crystalline, or amorphous substrates. Simple fabrication methods such as spray coating, spin
coating, drop casting, low-temperature evaporation, layer-by-layer deposition technique, and
inkjet printing can be easily applied, which makes the fabrication process definitely modest in
comparison to high vacuum, high temperature, and costly epitaxy technique used for conventional
infrared photodetectors. Furthermore, colloidal quantum dots and conjugated polymer can make
type II heterojunctions in a large interface area [217]. Type II heterojunctions facilitate exciton
dissociation and photogenerated charge separation at the interface layer between the polymer and
QDs [218].
Photovoltaic devices based on colloidal quantum dots exploit the advantage of tunable
absorption spectra and the benefits of solution-processed fabrication as mentioned above. Since
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about half of the sunlight energy on the surface of the earth is located in the infrared spectrum
[219, 220], it should be valuable to harvest that portion of the energy belonging to the infrared
spectrum. Silicon has a small infrared absorption coefficient and conventional silicon solar cells
cannot efficiently harvest the infrared light energy [221, 222]. Some other materials such as InGaP
have a relatively large absorption coefficient in infrared, but cost of materials and expensive
fabrication process are the limiting factors of using such materials in photovoltaic devices. Optical
properties of quantum dots (e.g., PbS QDs or PbSe QDs) are strongly dependent on the size of the
dots [186, 187, 223], thereby the absorption spectra can be tailored with respect to specific
applications.
5.2

Device Structure
We fabricated a solution-processed infrared photodetector based on the isopropylamine capped

PbS quantum dots. The thickness of active area is 65 nm. The excitation source is an infrared LED
with a peak wavelength at 940 nm. Voltage-current, open circuit voltage, and short circuit current
characteristics of the fabricated device are measured in ambient condition. The structure of the
device is shown in Figure 5-1. The active layer of the device, which is the blend of MEH-PPV and
isopropylamine-capped PbS quantum dots, is sandwiched between an ITO-coated glass substrate
and a thermally evaporated aluminum layer.
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Figure 5-1. Structure of the fabricated device. Photosensitive area (active layer) is sandwiched
between Al contact and ITO-coated glass substrate

5.2.1 Energy Level Arrangement
Incident photons with energy larger than the bandgap energy of PbS quantum dots generate
excitons. The excitons under the influence of the built-in electric field at the interface between
MEH-PPV polymer and PbS QDs can be dissociated into electron and hole pairs if the holes have
chances to leave the PbS QDs before recombination as shown in Figure 5-2 (a). The thickness of
the barrier covered the surface of the PbS QDs, which equals the length of the isopropylamine
ligand, affects the dissociation efficiency. The energy band diagram is shown in Figure 5-2 (b)
indicates that the holes in PbS QDs and electrons in MEH-PPV drift across the junction.
Accordingly, energy band levels facilitate electron and hole separation.
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Figure 5-2. Concept of the developed photovoltaic device in this work: (a) exciton generation
upon photon absorption in which holes transfer to the polymer and electrons stay in the PbS
QDs, and (b) band levels of the MEH-PPV and PbS QDs.

As quantum dots have a tendency to agglomerate and make a superlattice [223, 224], the active
area containing a suitable fraction of MEH-PPV and PbS nanocrystals (85% PbS quantum dots by
weight) provides separate carrier collection pathways for electrons and holes through the PbS
quantum dot network and MEH-PPV, respectively. Electron and hole separation decreases the
recombination rate and increases photogenerated charge extraction.
5.2.2 Ligand Effect
As mentioned before, capping materials affect the surface properties of quantum dots. The key
advantage of capping materials is to passivate trap states on the surface of quantum dots in which
passivation helps to restore photoluminescent intensity and decrease nonradiative recombination.
On the other hand, the capping materials usually act as a barrier on the surface of the quantum dots
and strongly affect exciton dissociation yield and charge transfer efficiency depending on the width
of the barrier or the thickness of the capping material. PbS quantum dots are usually supplied with
oleic acid (OA) ligand as the capping surfactant agent that makes a 2.5 nm barrier in the path of
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photogenerated carriers. This barrier almost blocks charge transfer and confines the
photogenerated charges inside the quantum dot. Short ligands not only help to have more densely
packed film of nanoparticles but also can efficiently improve exciton dissociation and
photogenerated carrier extraction [208]. Short capping materials provide a thinner barrier in the
path of the photogenerated charges and let them easily tunnel through the barrier.
The original oleic acid ligand is successfully altered by isopropylamine through a simple
chemical process in the solution phase at room temperature as described in the previous chapter.
Basically, isopropylamine facilitates exciton dissociation and charge transfer mechanisms by
making a very thin barrier around the surface of the PbS quantum dots. Electrons can easily flow
through quantum dots and holes, after separation, can flow in the conjugate polymer matrix (e.g.,
MEH-PPV). Moreover, with a thinner ligand, more PbS QDs can be deposited on the same active
area. Increment in the number of absorption sites increases the performance of the device.
5.2.3 Fabrication Process
Basically, the fabrication process involved low-temperature ligand exchange and deposition
techniques (Figure 5-3). The isopropylamine capped PbS quantum dots and the MEH-PPV mixture
(85wt% of PbS QDs and 15 wt% of MEH-PPV) formed photosensitive solution. All the described
processes were carried out in inert condition inside a glovebox. Fabrication process continued by
spin coating of the photosensitive solution on an ITO-coated glass substrate to form the active
layer. The spin coating process was done in ambient air at room temperature. Finally, an aluminum
layer was deposited on top of the photosensitive area through a shadow mask by physical vapor
deposition (thermal evaporation) to make the top electrical contact. The ITO layer on glass also
served as the bottom-transparent electrical contact. The fabricated sensor has an active area of
about 9 mm2. The measured thickness of the photosensitive (active) layer was 65 nm.
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Figure 5-3. Fabrication process: ligand exchange process, mixing PbS QDs with MEH-PPV, spin
coating, aluminum deposition.

5.3

Measurements and Results
We investigated the characteristics of the fabricated photodetector based on isopropylamine

ligand. The photocurrent as a function of the applied potential is illustrated in Figure 5-4 (a)
wherein optical excitation was provided by an infrared LED with the peak wavelength at 940 nm.
The optical power on the surface of the sensor in this experiment was set to 65 mW. As applied
potential increases, the illuminated current rises exhibiting photodetector behavior. Illuminated
current was 110 µA and 9.7 µA at bias potentials of -3.2 V and 2.8 V respectively; presenting a
responsivity of 1.7 mA/W at a bias of -3.2 V under the optical power of 65 mW. The dark current
was 120 nA at a bias potential of -2.5 V and 375 nA at 2 V. At bias potential of -2.5 V and for 65
mW incident power, the ratio of illuminated current to dark current is 600. Open circuit voltage as
a function of infrared optical power, shown in Figure 5-4 (b), demonstrates a good sensitivity to
the incident light out of the saturation region. The optical power of less than 60 mW almost
saturated the sensor, resulting in a maximum open circuit voltage of 780 mV.
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Figure 5-4. Measured characteristics and comparison: (a) photocurrent and dark current versus
applied bias potential for 65 mW incident power of an infrared light source; (b) open circuit
voltage versus normalized light intensity, and (c) photocurrent versus light intensity under
illumination of 940 nm LED excitation source.
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The behavior of the fabricated sensor in terms of open circuit voltage is similar to a
photovoltaic device. Short current characteristic of the fabricated device under optical excitation
of 940 nm LED is shown in Figure 5-4 (c). Increasing trend of the short circuit current as a function
of light intensity illustrates a photovoltaic response for the fabricated sensor.
In order to further investigate the effects of isopropylamine as a short ligand on the
performance of the sensor, we needed to compare the results with the other sensor with a thicker
ligand. Solution-processed IR photodetector based on the octylamine ligand capped PbS QDs with
relatively the same structure was reported elsewhere [217]. We fabricated another sensor based on
the octylamine capped PbS QDs. Ligand exchange process was the same as reported in the
literature [217]. The fabrication process was the same as described for the previous sensor in this
work. The area of the sensor was 9 mm2 and the thickness of it was about 60 nm which was very
similar to the previous sensor in dimension and structure but utilized different ligand. We neglected
5 nm difference in thickness between these two sensors in our comparison. Photodetector behavior,
optical open circuit voltage, and short circuit current all are shown in Figure 3 with dash lines. At
bias potential of -4 V illuminated current is 48.5 µA. The sensor represents 378 mV as saturated
open circuit voltage.
5.4

Discussion
Essentially, octylamine with eight carbon atoms in its chain makes a thicker barrier in

comparison with isopropylamine on the surface of the PbS QD. The wavefunction of the
photogenerated electrons and holes crossed the barrier on the surface of the PbS QDs exponentially
decreases as a function of the thickness of the barrier; thereby the barrier made of isopropylamine
should have much less effect on the charge dissociation and photocarrier transportation in
comparison with the one made of octylamine. Experimental results also clearly confirm that the
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sensor based on isopropylamine capped PbS QDs exhibit higher illuminated current level in
comparison with the structurally same sensor but based on octylamine ligand. The sensor based
on isopropylamine ligand shows 4-fold improvement in illuminated current when it is biased at 3.2 V. In terms of short circuit current, the demonstrated sensor also represents a 4-fold
improvement at optical power of 6.5 mW. Open-circuit voltage, shown in Figure 5-4 (b),
represents 1-fold improvement in the demonstrated sensor, illustrating the unique doping effect of
the isopropylamine can effectively increase the open circuit voltage and makes it a good candidate
for photovoltaics and sensing application.
5.5

Summary
In this work, we demonstrated the effect of isopropylamine as a ligand on the performance of

a solution processed infrared photovoltaic and photodetector based on the blend of MEH-PPV and
PbS quantum dots. Altering the original long oleic acid ligand on the surface of the PbS QDs with
the short isopropylamine ligand improved the performance of the device. We also compared the
performance of the fabricated sensor with a sensor based on the octylamine ligand. The results
showed that isopropylamine not only by making a thinner barrier on the surface of the PbS QD
can improve the photocurrent and short circuit current but also by increasing the open circuit
voltage can be a good candidate as a ligand for the photovoltaics and sensing applications. The
active-area thickness of the reported sensor is about 65 nm, a further increase in the thickness can
improve sensor performance. However, more increment in the thickness of the active area (more
than couple of hundred nanometers) increases the recombination rate, leading to performance
deterioration. Since the device performance showed that isopropylamine does not block
photogenerated charge carriers inside the quantum dots and also presented higher open circuit
voltage, the next step, as accomplished in the following chapter, is to extend the absorption
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spectrum and fabricate a device having the ability to harvest mid- and long-infrared thermal
radiation of the human body.
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Chapter 6. Energy Harvesting from Body Thermal Radiation
6.1

Introduction
In chapter 5, it was demonstrated that the isopropylamine ligand is a suitable choice to facilitate

photogenerated carrier dissociation and charge transport in a solution-processed infrared
photovoltaic cell. Here, the goal is to fabricate a solution-processed photovoltaic cell based on
isopropylamine-capped PbS quantum dots to harvest energy from the human body. The absorption
spectrum is extended to the infrared thermal radiation of the human body. The content of this
chapter is taken from the previously published articles titled, “Lead Sulfide Colloidal Quantum
Dot Photovoltaic Cell for Energy Harvesting from Human Body Thermal Radiation“ published in
2018 in Applied Energy [8].
The reliance on energy sources based on fossil fuels motivates research on alternative sources
and new energy harvesting approaches [225]. Progress in materials science provides alternative
feasible solutions enabling energy harvesting from green energy sources that are sustainable and
renewable. Some of the renewable energy technologies have the advantage of providing more
flexibility and can be tailored to customer needs. For instance, solar cells have a wide range of
potential applications not only for micro-scale power applications to power portable electronics
and sensors but also to large-scale power applications to supply energy to commercial or
residential needs. However, sunlight is not always an available energy source whereas thermal
energy, on the other hand, is often available. A massive thermal energy is being dissipated in our
world which has been neglected. For instance, the earth generates a huge amount of thermal
radiation of about 1017 W and send it into the outer space [226]. The thermal radiation lies in the
infrared and if possible to harvest, one could consider its use in low-power consumer electronics
and wearable or implanted devices used for medical or fitness applications.

86

Body heat can be considered as a reliable energy source. The human body generates heat
depending on specific factors such as age, height, size, gender, and daily activity level then
eventually loses heat through different processes including: conduction (physical contact of the
body with another object); convection (movement of air molecules on the skin surface); radiation
(transfer of heat from the body to another object without physical contact by means of infrared
radiations); and evaporation (conversion of water on the skin to gas). The net heat dissipation of a
sitting adult person is about 120 W [1], which is not uniformly distributed on the surface of the
body and varies between 1 and 10 mW/cm2 depending on location [10]. Although body heat may
be considered a reliable energy source and, theoretically, is enough to supply many daily use
electronics, current technology is incapable of efficiently harvesting heat energy. Current
approaches for energy harvesting devices are primarily based on thermoelectric or pyroelectric
effects. Pyroelectric generators require a time-variant temperature profile on the device to generate
electricity [227]. These devices are typically not suitable for energy harvesting from the human
body, since the body has a very slow and limited temperature variation. Thermoelectric generators
(TEGs) require a temperature gradient across the device [228], then temperature equalization is
one of the challenging problems of TEG devices. Since they need to attach to the heat source and
absorb heat by conduction, the thermal conductivity of the device can decrease or eliminate the
temperature gradient resulting in poor efficiency. Therefore, a mechanism is required to produce
or maintain the required temperature profile in order to provide continuous energy conversion.
Moreover, a reported study illustrates that at room temperature, radiation is the dominant heat
loss mechanism of the human body and reaches maximum value of 70% of total body heat loss.
[71]. Basically, every physical body at a temperature greater than absolute zero (zero Kelvin) emits
electromagnetic radiations. Besides, radiation spectrum of a blackbody radiator highly depends on
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the temperature of the object. At room temperature blackbody radiation is in the infrared region of
the spectrum. Measurements have shown that emissivity of human skin is equal to 0.98±0.01 for
the infrared spectrum between 1 and 14 µm [72]. Therefore, human skin can be considered as an
almost perfect blackbody radiator in the infrared region. Blackbody equations can be applied to
analyze human body radiation. This analysis illustrates that infrared emission of the skin occurs in
the range 4-40 µm with a peak at around 9.5 µm. The spectrum shifts from 9.8 µm at 23oC and
reaches 9.35 µm at 37oC (0.45 µm shift for 14oC temperature variation on the skin).
Recently, A study showed that exciting plasmons in nanophotonic structures enable harvesting
low energy infrared photons available in room temperature [73]. Moreover, another theoretical
study showed that in the thermoradiative cell, quasi-Fermi level variations in a p-n junction can
convert thermal energy into electricity [75]. Moreover, Rectenna [74] is the other approach to
harvest electromagnetic energy in a very wide spectrum including infrared light. Although these
studies illustrate the ability of these methods to harvest thermal radiation, experimental
investigations have been limited due to the complexity and high-cost fabrication process. This has
hindered practical applications. Therefore, this research attempts to address this issue. Before
going into the detail of the research, thermal radiation of the human body will be explained.
6.2

Thermal Radiation
Basically, every physical body with a temperature greater than absolute zero (zero Kelvin)

emits electromagnetic radiations. Incandescent light bulb and hot metal are two examples of
thermal emitters radiating in both visible and infrared spectrum. If a thermal emitter meets the
physical properties of a blackbody, the radiation is called blackbody radiation. A blackbody is an
object that absorbs every incident photon regardless of its energy and emits light with a continuous
spectrum depending on the temperature of the object. The emission spectrum peaks at a specific
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wavelength and shifts toward lower wavelengths with increasing temperature. At room
temperature blackbody radiation is in the infrared region of the spectrum. The spectral distribution
of radiant power density in the wavelength interval of 𝜆 and 𝜆+d𝜆 is given by 𝑃𝜆𝑏 (𝑇)𝑑𝜆, where,
𝑃𝜆𝑏 (𝑇) is spectral radiant power per unit area of a blackbody at wavelength 𝜆, derived from
Planck’s blackbody formula. The value of 𝑃𝜆𝑏 (𝑇) is given by equation (6.1) [229].
2𝜋ℎ𝑐02

𝑃𝜆𝑏 (𝑇) = 𝜋𝐼𝜆𝑏 (𝑇) =

ℎ𝑐0

𝑛2 𝜆5 (𝑒 𝑛𝑘𝐵 𝜆𝑇 − 1)

(6.1)

where 𝐼𝜆𝑏 is spectral radiant intensity per unit area of blackbody at wavelength 𝜆, n is the refractive
index of the propagation medium, T is the absolute temperature (Kelvin), C0 is the speed of light
at free space, h is Plank’s constant (h=6.628*10-34 J.s), and kB is Boltzmann’s constant
(kB=1.38*10-23 J/K).
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Figure 6-1. Blackbody spectral radiant power at five different temperatures.
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Spectral radiant power per unit area is plotted in Figure 6-1 as a function of wavelength, as
expressed in equation (6.1), for room temperature (300 K), 1000 K, 2000 K, 3000 K, and 5000 K.
Figure 6-1 shows that the peak spectral radiative power shifts toward shorter wavelengths and total
radiative energy, which is the integral of spectral radiative power 𝑃𝜆𝑏 over the entire spectrum,
increases as temperature of blackbody increases. Figure 6-1 illustrates that blackbody radiation at
room temperature (300 K) is located in infrared spectrum, but at a higher temperature radiation
spectrum extends to shoeter wavelengths such as visible light and even extends to the ultraviolet
radiation. Moreover, it can be inferred from Figure 6-1 that the radiated power at long wavelengths
are less affected with temperature variation than the radiated power at shorter wavelengths.
Total radiative power per unit area (W/m2) at the surface of a blackbody in terms of temperature
can be calculated by integrating 𝑃𝑏𝜆 over all the wavelengths. It is given by the Stephan-Boltzmann
law (equation (6.2)) [230].
∞

𝑃𝑏 = ∫ 𝑃𝑏𝜆 𝑑𝜆 = 𝜎𝑇 4

(6.2)

0

where 𝜎 is the Stephan-Boltzmann constant (𝜎 = 5.6704 × 10−8 𝑊/(𝑚2 . 𝐾 4 )) and T is the
temperature.
The radiative power or radiative intensity of blackbody peaks at a specific wavelength 𝜆max in
Figure 6-1 for a given temperature T. 𝜆max can be obtained numerically from equation (6.1). This
peak is inversely proportional to the temperature. If the refractive index n=1, equation (6.3)
approximately gives 𝜆max which is called Wien’s displacement law [229].
λ𝑚𝑎𝑥 𝑇 = 𝑏

(6.3)

where T is the absolute temperature of the object in kelvins and b is the Wien’s displacement
constant where b =2897.7686 µm.K.
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Real objects do not behave like a blackbody, but still, we can apply blackbody theory by
defining the emissivity parameter. Emissivity determines the emission properties of a real object
(non-blackbody) in comparison with an ideal blackbody object. Emissivity depends on the
wavelength, direction, and temperature of the object. Spectral emissivity is given by equation (6.4).
∈𝜆 =

𝐼𝜆
𝐼𝜆𝑏

(6.4)

where 𝐼𝜆 and 𝐼𝜆𝑏 are the spectral radiant intensity per unit area at wavelength 𝜆 of a real object
(non-blackbody radiator) and of a blackbody at wavelength 𝜆.
6.2.1 Infrared Radiation from the Human Body
As it was mentioned earlier in this chapter, thermal radiation is the dominant mechanism of
heat loss in the human body. Scavengers based on human body thermal radiation take advantage
of having no moving part in the structure leading to more durable, easily maintained, and miniature
devices. In addition, in spite of the visible light source, body infrared radiation is a highly available
source of energy especially for the wearable or implanted electronics required to be covered.
Radiation is the dominant heat loss mechanism of the human body at room temperature [71].
Since the emissivity of the human skin is equal to 0.98 ± 0.01 for infrared emission between 1 and
14 µm [72], the human skin can be considered as an almost perfect blackbody radiator with an
emission that peaks at around 9.5 µm. The spectral radiant power per unit area of a blackbody at
wavelength 𝜆, derived from Planck’s blackbody formula, shows that the spectrum peak shifts from
9.8 µm at 23oC to 9.35 µm at 37oC (0.45 µm shift for 14oC temperature variation on the skin).
Therefore, body infrared radiation is an available source of energy especially for the wearable or
implanted electronics.
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The total radiative power per unit area (W/m2) of the human body’s skin can be calculated
from equation (6.2) if the surroundings are at absolute zero. When the surroundings are not at
absolute zero, the human body absorbs radiation while it radiates. In this case, the net radiative
power per unit area emitted by the human body is
𝑃𝑏 = 𝜎(𝑇 4 − 𝑇𝑠4 )

(6.5)

where 𝜎 is the Stefan-Boltzmann constant (𝜎 = 5.6704 × 10−8 𝑊/(𝑚2 . 𝐾 4 )) and T is the skin
temperature and TS is the temperature of the surroundings.
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Figure 6-2. Spectral radiant power of the human body at three different temperatures.
Considering an experimental data of a human with total skin surface area of about 1.48 m 2,
skin temperature of 31.3oC (304.3 K), and surrounding temperature of about 20.2oC (293.2 K)
[11], the total net radiative power is
𝑃𝑏 = (1.48)(5.6704 × 10−8 )(304.34 − 293.24 ) = 99.39 𝑊
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The calculated total radiative power is around 70% of the total loss (141 W) which coincides
with the experimental data that showed radiation is the dominant part of the body’s heat loss
(maximum of about 70%) [71]. Basically, the power in this range is sufficient for more electronic
devices if the power can be totally harvested, but a tiny portion is enough to power wearable or
implanted electronics and sensors.
6.3

Photovoltaic Structure Based on Colloidal Quantum Dots
In this section, we introduce a solution-processed photovoltaic structure operating based on a

conceptually different phenomenon to harvest thermal radiation. Photovoltaic devices normally
work based on the absorption of the photons carrying energy higher than the bandgap of the
semiconductor [76]. Therefore, there is an inherent limitation associated with the bandgap of the
semiconductor materials for harvesting thermal radiations. The bandgap of semiconductors is not
narrow enough to harvest low energy infrared photons emitting from the objects at around room
temperature. In the proposed structure, we intentionally generate some density of states inside the
bandgap of the semiconductor, called mid-gap states, to address the problem associated with the
bandgap of the semiconductor. These states enable gradually promotion of the electron from the
valence band to the conduction band through a multi-step photon absorption process. This structure
also benefits from a simple and low-cost fabrication process and this can address problems
associated with complex and high-cost fabrication processes.
The proposed photovoltaic structure employs isopropylamine (IPAM)-capped lead sulfide
(PbS) colloidal quantum dots. Colloidal quantum dots (CQDs) are solution-processed nanoscale
semiconductor crystals capped with organic or inorganic materials to ensure solubility and
stability. The large surface-to-volume ratio of quantum dots [181] enables one to manipulate the
band structure and density of states through modifying surface properties [185]. Initial long-chain
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oleic acid ligands covering the surface of the PbS QDs can be replaced by short-chain
isopropylamine ligands to improve charge dissociation efficiency [77] and provide suitable midgap states. Organic ligands leave a high density of trap states on the surface of the PbS QDs [203],
resulting in the generation of mid-gap bands (MGB) and mid-gap states (MGS) [231]. Moreover,
quantum dots have the advantage of accessing spectral tunability via tailoring the size [186], shape
[182], and stoichiometry [184] during the growth process. This provides an efficient solutionprocessed fabrication method for optoelectronic devices such as photodetectors [214],
photovoltaics [232], and light emitting diodes [233].
c
)

)

)

Figure 6-3. Architecture of the fabricated device: (a) a schematic of the device with soda-lime
glass as the substrate and ITO as the bottom contact; (b) a schematic of the device on a doped
GaAs substrate to eliminate the effect of ambient light and infrared photons with energies higher
than the bandgap energy of the PbS QDs; and (c) cross-sectional SEM image of a 10-nm-thick
LiCl layer and a 465-nm-thick PbS CQDs on a GaAs substrate. The active layer, which is a thin
film of isopropylamine-capped PbS quantum dots covered with a layer of LiCl on top, is
sandwiched between Al contact and substrate.
6.3.1 Device Structure and Fabrication
Schematic structures of the devices that we have fabricated are shown in Figure 6-3 (a) and
Figure 6-3 (b). The active layer of the device, which is a thin film of isopropylamine-capped PbS
quantum dots covered with a layer of lithium chloride (LiCl) on top, is sandwiched between the
substrate and aluminum thin film contacts. A cross-sectional SEM image with labels is shown in
Figure 6-3 (c). It reveals an approximately 465-nm-thick layer of PbS QDs with around 10-nmthick layer of LiCl on top. The fabrication process is performed in an inert atmosphere inside a
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glove box at room temperature unless otherwise stated. Oleic acid (OA)-capped PbS quantum dots
with the emission peak at 𝜆 = 1,200 nm dispersed in toluene (10 mg/ml), were purchased from
Strem Chemicals Inc. (Newburyport, MA), and were precipitated with methanol and then redispersed in isopropylamine (10 mg/ml). Substrates (ITO-coated glass, n-type and p-type GaAs
substrates) were cleaned with solvents in ambient air and then treated with an oxygen plasma. The
photosensitive layer (a thin film layer of PbS quantum dots) was fabricated with a layer-by-layer
deposition technique. For each layer, about 20 µl of prepared PbS quantum dot solution was
deposited by spin-coating onto the substrate at 2000 rpm for 20 s. Then the solid-state ligand
exchange process was applied for each layer by applying isopropylamine solution (20% by volume
in ethanol) onto the substrate for 60 s followed by rinsing with the same solution. After that, lithium
chloride (LiCl) was deposited on top of the active layer by spin coating 20 µl of LiCl solution (2.5
mg/ml in methanol) at 2000 rpm. Finally, aluminum contacts in the range of 100 nm were
thermally deposited onto the device through shadow masks.
6.4

Measurements and Results
We fabricated a photovoltaic device using isopropylamine-capped PbS QDs to harvest energy

from human body radiation. A depletion region was formed at the Schottky junction between ptype PbS QDs and an aluminum contact. Initially, we made a device on a glass substrate as
previously shown in Figure 6-3(a). The thickness of the active layer was about 465 nm. The dark
short-circuit current density was about 187.5 nA/cm2 and it was attributed to the deviation from
thermal equilibrium. The ambient visible light had a negligible effect on the device performance
and it increased the short-circuit current density to 262.5 nA/cm2. As mentioned, although the glass
substrate is transparent to visible light, the device shows a very weak sensitivity to ambient light.
This is attributed to the almost complete absorption of high energy photons within the thick layer
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of PbS QDs before reaching either the depletion region or even getting within a diffusion length
of the depletion region, leading to recombination of photogenerated carriers. This means that the
thickness of the device was suitable for eliminating the effect of the high energy photons might
present even in a dark room. The P-V characteristic of this device is shown in Figure 4(a), which
indicates that the device generated a maximum power of Pmax = 2.2 µW/cm2 while it was placed
on the skin in a dark room. The J-V characteristic of the device is shown in Figure 4(b). The open
circuit voltage was VOC = 341 mV, the short circuit current density was JSC = 25.5 µA/cm2, and
the fill factor was FF = 25.3%. For further investigation, we exposed the device to an excitation
source emitting IR photon with energy lower than the bandgap energy of isopropylamine-capped
PbS QDs. The excitation source emitted infrared radiation at a range of 1-25 µm with a peak
wavelength at slightly less than 𝜆 = 3 µm. Under IR excitation, the device generated a maximum
power of Pmax = 0.36 µW/cm2, and the observed short circuit current density and open circuit
voltage were JSC = 3.82 µA/cm2, VOC = 336 mV, respectively, given a FF = 28%. These results
show that the device was sensitive to IR radiation. Moreover, the Fourier transform infrared
spectroscopy (FTIR) transmission spectrum shown in Figure 6-5 illustrates that the glass substrate
is highly transparent in the near infrared (NIR) as well as part of the mid-infrared region. Also, the
inset shows a low level of transparency in the infrared window for wavelengths longer than 9 µm.
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Figure 6-4. Performance of the device fabricated on a soda-lime glass substrate under two
excitation sources of IR emitter (dashed line) and the human body (solid line): (a) calculated P-V
characteristic; and (b) measured J-V characteristic. The device consists of 12 layers of IPAMPbS QDs and a layer of LiCl.

Figure 6-5. Fourier transform infrared spectroscopy (FTIR) transmission spectrum of the soda
lime glass substrate showing high transparency for NIR and Mid-IR range and low transparency
for long-IR for wavelengths longer than 9 µm

Using an IR emitter as an excitation source proved the ability of the device to harvest infrared
radiations in the range of 1-25 um particularly below 5 µm or longer than 9 µm, matched to the
transparency of the substrate. For further investigation of the ability of the device to harvest human
body thermal radiation which peaks at wavelength 𝜆 = 9.5 µm, a new device was fabricated on a
350-µm-thick Zn-doped GaAs substrate (p-type). This substrate completely blocks the propagation
of the high energy visible light and NIR photons. The fabrication process for the GaAs-based
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device is similar to that on a glass substrate, and the schematic structure of the device is previously
shown in Figure 6-3(b). The FTIR transmission spectrum in Figure 6-6(a) shows that Zn-doped
GaAs substrate attenuates the intensity of the transmitted signal in mid- and long-infrared regions
(2-15 µm) to less than 1%. To simulate human body radiation, the test was done with an additional
IR bandpass filter having a 1.5 µm bandwidth at 𝜆 = 10.6 µm located between the IR source and
the device. Figure 6-6(b) illustrates photogenerated short circuit current density as a function of
normalized incident power. This figure demonstrates the sensitivity of the device to the incident
infrared light energy at wavelengths between 9.85 µm and 11.35 µm matched with the peak
radiation of the human body. The harvesting device generated a maximum short circuit current
density of ISC = 25.2 µA/cm2, indicating better charge extraction properties compared to the device
on a glass substrate. Since long-infrared radiation was the only energy source, the experiment
revealed the fabricated device’s ability in harvesting long-infrared radiations corresponding to
human body thermal radiation.

Figure 6-6. (a) FTIR transmission spectrum of a 350-µm-thick Zn-doped GaAs substrate
showing high attenuation effect on the incident infrared light; (b) Photocurrent as a function of
normalized power illustrating sensitivity to the long-infrared radiation with a high extraction rate
of p-type GaAs substrate.
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We also observed that the device on the p-type GaAs substrate showed a lower open circuit
voltage (VOC = 74 mV) in comparison to the device on the glass substrate. We attributed the low
open circuit voltage to the attenuation effects of the substrate. However, to gain further insight into
the filtering effect of the substrate on the open circuit voltage, another device was made on a 350µm-thick silicon-doped GaAs substrate (n-type) and the FTIR transmission spectrum in Figure
6-7(a) shows that this substrate has a higher transmission at the relevant IR wavelengths. In fact,
it acts as a bandpass filter peaked at 𝜆 = 8 µm with a full width at half maximum bandwidth of
over 6.6 µm, covering the peak radiation from the human body. Since this substrate acts as the
anode of the device, it cannot efficiently extract photogenerated carriers but has the advantage of
higher transmission intensity in desired wavelengths in comparison with the previous two
substrates. The device structure and fabrication process is similar to one shown in Figure 6-3(b).
This device presented the open circuit voltage of VOC = 413 mV for the device placed directly on
the skin and VOC = 358 mV in the case of a 2 mm gap between the device and the body’s skin. The
J-V characteristic of the device is shown in Figure 6-7(b) when placed on the skin, showing JSC =
1.49 µA/cm2 with a FF = 23.9 %. A low short circuit current density illustrates that an n-type
substrate cannot efficiently extract photogenerated holes.
6.5

Discussion
As mentioned before, the human body can be practically considered to be an ideal blackbody

radiator. The total radiative power per unit area (W/m2) for a specific wavelength interval at the
surface of a blackbody in terms of temperature can be calculated by integrating Planck’s blackbody
formula. The skin at 37oC radiates the power density of 315 W/m2 at wavelengths between 2.5 µm
and 15 µm. Based on this calculation and the measured data, the transmitted power density from
the human body through the 350-µm-thick Zn-doped GaAs substrate (p-type) and the Si-doped
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GaAs substrate are calculated to about 1.96 W/m2 and 36.9 W/m2, respectively. Transmitted
radiated power density is calculated based on the filtering properties of the GaAs substrates
collected by FTIR spectroscopy. In this calculation, we neglect the small change in the transmitted
intensity because of the medium change on one side of the substrate from ambient air during the
FTIR measurement to a thin film of PbS QDs for the actual device. Calculations show that Sidoped GaAs substrate can provide approximately 19 times higher optical power than the Zn-doped
GaAs substrate, resulting in higher open circuit voltage (5 times higher). This comparison further
supports the sensitivity of the device to human body thermal radiations.

Figure 6-7. (a) FTIR transmission spectrum of the 350-µm-thick Si-doped GaAs substrate
showing band pass filtering at a wavelength of 8 µm with 18% transmission; (b) Measured J-V
characteristic of the device under excitation of the human body. The device consists of 12 layers
of IPAM-PbS QDs and a layer of LiCl.
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a)

Figure 6-8. The possible role of mid-gap states in the performance of the fabricated device: (a)
Multi-step photon absorption promoting an electron to the conduction band through the Mid-gap
states (MGSs) acting as intermediate states; (b) Contribution of the mid-gap band (MGB) as a
weak conduction band in conducting photogenerated electrons. Promoted electrons to the
conduction band have a short lifetime. They quickly relax into the MGB and contribute to
photocurrent; (c) The open circuit voltage showing gradually decrement to reach steady state
condition. Open circuit voltage drop as a possible indication of the replacement of charge
conduction medium from CB to MGB.

Nonidentical colloidal quantum dots, imperfect assembly of constituent atoms, and defects and
impurities within the crystal and its surface are some origins of mid-gap states generated during
CQDs synthesis process. However, trap states can also be generated during the ligand exchange
process. Organic ligands cannot passivate the surface states of semiconductor nanocrystals well
and they leave a high density of mid-gap trap states [203]. Mid-gap states can either act as
intermediate states to increase the probability of multi-step low energy photons’ absorption for
promoting photogenerated carriers to higher energy levels or act as recombination centers. As
shown in Figure 6-8, our observation on the performance of these devices can possibly be
attributed to the involvement of mid-gap states in multi-step photon absorption process. In this
process, absorption of a low energy IR photon can promote charge carriers either from the valence
band to the appropriate mid-gap state (MGS) or from one MGS to another MGS at a higher energy
level. Finally, this process can end up promoting a charge carrier from valence band to conduction
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band through multiple absorptions via MGSs. Moreover, mid-gap states of semiconductor
nanocrystals can form a weakly conducting mid-gap band (MGB) contributing to a charge
transport mechanism. Schematic illustration of the mid-gap band is shown in Figure 6-8(b).
Photogenerated electrons with a chance to promote to the conduction band have a short lifetime
and quickly relax into the MGB. The contribution of MGB in charge transportation results in a
decrement of the open circuit voltage [231]. An interesting feature of this voltage drop (a gradual
decrement of the voltage until it reaches a steady-state condition) recorded under illumination,
shown in Figure 6-8(c), might be a good indication of the presence of the mid-gap band. Higher
open circuit voltage at the beginning of the photogeneration process may indicate that an MGB is
not yet functional. Consequently, the accumulation of photogenerated holes in the nanocrystals
gradually lowers the Fermi level and unblocks the MGB leading to an optical transition from the
valence band to mid-gap band levels, and gradually decreases the open circuit voltage after
approximately 4 s as shown in Figure 6-8(c).
Although an electron promotes to the conduction band or MGB through multi-step photon
absorption, the incident photon should carry the minimum amount of energy required to break both
the Coulombic interaction between a confined electron-hole pair and polarization energy to
generate a free carrier. The Coulombic interaction energy between the confined electron-hole pair,
previously considered in the 𝐸𝐶 calculation, is given by
𝐸𝑒ℎ = 1.786

𝑒2
4𝜋𝜀0 𝜀𝑄𝐷 𝑅

(6.6)

This energy equals 𝐸𝑒ℎ = 70 meV for PbS QDs which is lower than the energy of mid- and
long-IR photons radiated at room temperature. The polarization energy can be calculated using
𝐸𝑝𝑜𝑙

𝑒2
1
1
=
( −
)
4𝜋𝜀0 𝑅 𝜀𝑀 𝜀𝑄𝐷
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(6.7)

where 𝜀𝑀 is the optical dielectric constant of the matrix. 𝐸𝑝𝑜𝑙 is much smaller than 𝐸𝑒ℎ and it
is negligible [195]. Accordingly, photons emitted from human-body with wavelengths shorter than
𝜆 = 17 µm provide enough energy to generate free carries out of the confined electron-hole pair in
PbS quantum dots.
Due to the high density of trap states, the device generally provides a low power conversion
efficiency in comparison with the photovoltaic devices operating based on the direct transition of
the electron from the valence band to the conduction band. This device tested on the finger, the
coldest part of the body [234], has an approximately thermal loss of 1 mW/cm2 [10]. If we
considered the maximum 70% of total heat loss due to radiation [71], the minimum power
conversion efficiency of the device is PCE = 0.3 %. Power conversion efficiency can be improved
by utilizing a suitable substrate [235], decreasing series resistance by using an optimal active layer
thickness, and increasing the absorption with a suitable heterojunction structure.
6.6

Experimental Method

6.6.1 Current-Voltage Measurement
Schematic illustration of the experimental setup is shown in Figure 6-9. Current-voltage (J-V)
curves of photovoltaic devices were measured using a Keithley 6485 picoammeter and Agilent
33250A waveform generator under IR illumination in a dark room. The device was illuminated
with either the human body or the IR emitter (Newport, Model: 6363). The device area was
determined by the area cathode and anode overlap and the dark J-V curve was measured in dark
conditions. The light emitted from the measuring equipment was covered with aluminum foil,
however, some weak light may have been present. For this reason, we made a thick device to
eliminate the effects of the VIS-NIR high energy photons. Moreover, we tested the effect of the
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ambient light to check if high energy photons impacted the results of our measurement. For the
ITO-glass device, it showed that the ambient light had a very small effect on the short circuit
current, and the current increased from 187.5 nA/cm2 in the dark to 262.5 nA/cm2 in ambient light.
Since the short circuit current in ambient light was much lower than the short-circuit current with
IR source, our measurement was not affected by high energy photons in the dark room.

Figure 6-9. Schematic illustration of the experimental setup providing suitable radiation for
accurate device characterization

6.6.2

Dark Current Measurements

Dark short-circuit current was measured by Keithley 6485 picoammeter in the dark room. The
room temperature was approximately 25oC. The dark short-circuit current, resulting from deviation
from thermal equilibrium, was about 187.5 nA/cm2 which is very less than the short-circuit current
generated by the human body or IR emitter and it is negligible.
6.7

Summary
In summary, we have developed a solution-processed photovoltaic structure incorporating lead

sulfide quantum dots that enables harvesting thermal radiation of the human body. The active layer
of the device, which is a film of isopropylamine-capped PbS quantum dots covered with a thin
layer of lithium chloride on top, is sandwiched between the substrate and aluminum thin film
contacts. The device was able to generate power density up to 2.2 µW/cm2 when it was placed on
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the human body’s skin. This structure was found to harvest photons with energies lower than the
bandgap energy of the colloidal quantum dots incorporated in the photosensitive layer. We
attributed this phenomenon to the possible involvement of high-density mid-gap states, generated
during the solid-state ligand exchange process, that enable multi-step photon absorption and weak
mid-gap band formation. The presence of trap states decreases the power conversion efficiency by
reducing short circuit current and open circuit voltage. However, it enables harvesting of thermal
radiation of the human body. To limit the effect to thermal radiation, the active layer of the device
was made thick enough to filter out the effects of high energy photons of visible light and allow
only low energy photons to absorb in the depletion region. The energy provided by this infrared
portion of the human body emission is enough to drive low power devices such as a cardiac
pacemaker [78], watch [65], and neural stimulator [79]. We expect that the performance of the
device can be improved by optimizing the thickness of the photosensitive area and device
architecture.
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Chapter 7. Hybrid Energy Harvesting Device
7.1

Introduction
The previous chapter provides a solution-processed photovoltaic structure to harvest thermal

radiation emitted from the human body. The presented results verify the ability of the device in
harvesting low energy mid- and long-infrared radiation, which is attributed to the multi-step
photon absorption process resulting in the gradual promotion of an electron from the valence band
to the conduction band. In this chapter, the goal is to fabricate a hybrid energy scavenger to harvest
energy from the human body in the form of thermal radiation and mechanical movement or
vibration.
Vibration is another reliable and available type of energy, especially in the human body.
Walking, breathing, and heart beating are some forms of the human body motions providing an
abundant source of energy for low-consumption devices. Energy harvester technologies based on
triboelectric, piezoelectric, electromagnetic, and electrostatic have been used to convert vibration
into electricity. Among these, electrostatic energy harvester, working based on capacitor variation
caused by the movable electrode, is the most compatible with microelectromechanical system
(MEMS) fabrication process. Technological advances in MEMS have provided a suitable platform
for the fabrication of high-performance transducers based on the variable capacitance to harvest
mechanical vibration [117, 118]. This process can realize a large capacitance variation with a very
small-size capacitor. Moreover, electrostatic generators are suitable for low-frequency vibration
environments and they can provide a high output voltage and high-power density with small size
structure. However, electrostatic generators require a start-up voltage source to charge the
capacitor at initial state of the conversion process, therefore, the generated energy highly depends
on the start-up voltage. There are some methods to address this issue such as incorporating an
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electret in the device structure [118-123], taking advantage of built-in potential generated in the
interface surface of two materials with different work function [124], and a self-recharge circuit
[125]. Electret, a dielectric material carrying permanent electric charges, is widely used in
electrostatic generators to improve the usability and miniaturize the device[126, 127]. Teflon,
silicon dioxide (SiO2), and silicon nitride (Si3N4) are some examples of electret materials.
However, incorporating electret in the device structure requires a complicated fabrication process
[117].
Here, we designed a hybrid energy scavenger. In this structure mechanical movement of the
human body is harvested using an electrostatic generator, which required start-up voltage is
applied by harvesting human body thermal energy with the photovoltaic device introduced in the
previous chapter. Simple fabrication process of thermal energy harvester addresses drawbacks
associated with electret implementation.
7.2

Device Structure
The hybrid energy harvester structure, shown in Figure 7-1, consists of two parts including

photovoltaic device and electrostatic generator. This structure involves six layers: an indium tin
oxide (ITO) coated glass substrate; a photosensitive layer composed of 465-nm-thick
isopropylamine (IPAM) capped lead sulfide (PbS) colloidal quantum dots (CQDs); a 10-nm-thick
lithium chloride (LiCl) layer; an aluminum contact as a negative contact of the device; a 1 µmthick dielectric layer of oleic acid-capped PbS quantum dots; and a movable aluminum electrode
as a positive contact of the structure. The lower part of the device contains a solution-processed
photovoltaic structure, introduced in the previous chapter, that is used to harvest thermal radiation
of the human body and charge the dielectric layer, located in the upper part, of the generator.
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Figure 7-1. Device Structure of the hybrid energy scavenger composed of a solution-processed
photovoltaic structure (lower part) and an electrostatic generator (upper part).

7.3

Working Principles
The proposed hybrid energy harvester employs a solution-processed photovoltaic device in

connection with an electrostatic generator. The movable aluminum electrode provides variable
capacitance in this structure. As discussed in the previous chapter, isopropylamine capped PbS
quantum dots in photovoltaic structure absorbs thermal radiation of the human body through a
multi-step photon absorption process and generates free carriers. The Schottky contact, formed at
the interface between aluminum and photosensitive layers of the photovoltaic structure, separates
photogenerated carriers toward different contacts. This builds-up electric potential at the
photovoltaic device, consequently, at the initial step of the conversion cycle of the electrostatic
generator, as shown in Figure 7-2(a), where the ITO/Glass substrate is electrically in touch with
the movable aluminum electrode, photovoltaic device charges the variable capacitor. In the initial
cycle, the variable capacitance is at the maximum value. Then, as result of vibration, the movable
aluminum contact of the capacitor detaches from the dielectric layer, which has a high relative
permittivity, then moves far away from the other parts of the structure, as shown in Figure 7-2 (b),
therefore, capacitance decreases. Since there is no change in the amount of charge, the potential
difference between electrodes increases, depending on the capacitance variation according to Q =
108

CV. During the final step of the conversion process, shown in Figure 7-2 (c), the generated energy
discharges into the storage capacitor, then the variable plate turns back into the initial position.
(a)

(b)

(c)

Figure 7-2. Working principle of the proposed hybrid energy harvester composed of a
photovoltaic device and an electrostatic generator: (a) initial cycle of the energy conversion
process where the ITO/Glass contact electrically connected to the movable aluminum and the
variable capacitor is charged; (b) movable aluminum contact moving upward and converting the
vibration energy into electric energy; (c) final step of the energy conversion process where the
variable capacitor discharging into the storage capacitor.
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7.4

Simulation and Results
The harvested energy per cycle by the proposed hybrid scavenger (both harvested mechanical

and thermal energy) is given by:
𝐸𝐻 = 𝐸𝑀 + 𝐸𝑇ℎ = (

𝐶𝑚𝑎𝑥
𝐶𝑚𝑎𝑥
− 1) 𝐸0 + 𝐸0 = (
)𝐸
𝐶𝑚𝑖𝑛
𝐶𝑚𝑖𝑛 0

(7.1)

where 𝐸𝑀 is the harvested mechanical energy by electhe trostatic generator, 𝐸𝑇ℎ is the harvested
thermal energy by the photovoltaic device, 𝐸0 is the initial polarization energy which equals
harvested thermal energy (𝐸𝑇ℎ ), and 𝐶𝑚𝑎𝑥 and 𝐶𝑚𝑖𝑛 are the maximum and minimum capacitance
values, respectively. The maximum capacitance value is related to the minimum distance of the
electrodes filled with high permittivity dielectric layer, shown in Figure 7-2 (a) and is given by:
𝐶𝑚𝑎𝑥 = 𝐶𝑑𝑖 = 𝜀𝑑𝑖 𝜀0

𝐴
𝑑𝑑𝑖

(7.2)

where 𝐶𝑑𝑖 is the capacitance of the dielectric layer which is oleic acid-capped PbS quantum dots
layer, 𝜀𝑑𝑖 is the relative permittivity of the PbS which equals 169, 𝜀0 is the permittivity of the free
space, A is the overlap area of two electrodes, and 𝑑𝑑𝑖 is the thickness of the dielectric layer. The
minimum capacitance value is related to the maximum distance between two electrodes filled with
both high permittivity dielectric layer and low permittivity air, as shown in Figure 7-2 (b). These
two layers are connected in series connections, therefore 𝐶𝑚𝑖𝑛 is given by:
𝐶𝑚𝑖𝑛 =

𝐶𝑑𝑖 𝐶𝑎𝑖𝑟
𝐴
= 𝜀𝑑𝑖 𝜀0
𝐶𝑑𝑖 +𝐶𝑎𝑖𝑟
𝜀𝑑𝑖 𝑑𝑎𝑖𝑟 +𝑑𝑑𝑖

(7.3)

where 𝐶𝑎𝑖𝑟 is the capacitance of the air gap between the upper electrode and dielectric layer, and
𝑑𝑎𝑖𝑟 is the thickness of the air gap. In this calculation, parasitic capacitors at edges of the structure
are not considered.
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Equation (7.1) shows that the generated energy depends on both the capacitance ratio and
the stored energy at the initial step of the conversion cycle, the latter is supplied by the
photodetector structure. The initial-stored energy depends on the Cmax and open circuit voltage of
the photovoltaic device. Since the voltage of the photovoltaic device is fix and the decreasing
dielectric layer can cause technical issues, capacitance variation is the most common way to
improve the generated energy level. Capacitance ratio is given by:
𝐴𝐶 =

𝐶𝑚𝑎𝑥
𝑑𝑎𝑖𝑟
= 𝜀𝑑𝑖
+1
𝐶𝑚𝑖𝑛
𝑑𝑑𝑖

(7.4)

This equation shows that capacitance variation is significantly affected by the permittivity of
the dielectric layer. In particular, incorporating a dielectric layer (double-layer configuration) with
high permittivity dramatically improves the energy conversion compared to the conventional
single layer electrostatic generators. The presence of high-permittivity dielectric material at the
initial step of the conversion cycle results in an increased value of stored initial charges. Besides,
the capacitance ratio increases as a result of the high-nonlinear variation of the capacitance as a
function of the distance between the two electrodes. Therefore, such an elevated ratio in the
capacitance variation and high storage charge in the initial cycle allow a more efficient energy
conversion. Capacitance variation for both single-layer structure and double-layer structure is
depicted in Figure 7-3. In this figure, air (relative permittivity of εr = 1) is considered as dielectric
for single-layer configuration while the double-layer device includes one additional layer of 1-µmthick PbS QDs with a relative permittivity of εr = 169.
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Figure 7-3. Capacitance variation versus distance of the electrodes for two configurations.

Harvested energy by the hybrid system is given by the Equation (7.1). In this equation, the
initial energy, harvested by the photovoltaic device and transferred to the variable capacitance, is
given by:
1
𝐸0 = 𝐶𝑚𝑎𝑥 𝑉02
2

(7.5)

where V0 is the open circuit voltage of the photovoltaic device which equals V0 = 341 mV [8]. By
substituting Equation (7.4) and Equation (7.5) in Equation (7.1) the generated energy as a function
of the air gap and dielectric thickness for double-layer configuration is given by:
𝐸𝐻 =

1 2
𝐴 𝜀𝑑𝑖 𝑑𝑎𝑖𝑟
𝑉0 𝜀0 𝜀𝑑𝑖
(
+ 1)
2
𝑑𝑑𝑖
𝑑𝑑𝑖

(7.6)

Figure 7-4 depicts the performance of the single-layer and double-layer configurations.
Calculated harvested energy density as a function of the gap between two electrodes shows that
with 1-mm gap between electrodes single-layer configuration harvests 51.5 nW/cm2 while double112

layer configuration in the same condition harvests 1.47 mW/cm2 at vibration frequency of 1 Hz.
Double-layer configuration illustrates more than 28,500-fold improvement in the harvested energy
over single-layer configuration. In this calculation, start-up voltage equals V0 = 341 mV. In terms
of energy gain, which is equal to 𝐶𝑚𝑎𝑥 /𝐶𝑚𝑖𝑛 , the double-layer configuration shows an energy
harvesting gain of 168,832 (capacitance decreases from 150 nF/cm2 at d = 1 µm to 886 fF/cm2 at
d = 1mm) while this number for single-layer configuration is 1,000 (capacitance decreases from
885 pF/cm2 at d = 1 µm to 885 fF/cm2 at d = 1mm).
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Figure 7-4. Calculated harvested energy density versus the distance of the electrodes in singlelayer and double-layer configurations. Both structures are supplied with a similar voltage source
(V0 = 341 mV) at the initial state of the conversion cycle.

However, energy loss associated with the charge transfer from energy scavenger to the storage
capacitor (CS) decreases the overall efficiency of the device. This loss depends on both voltage
levels and the capacitance of the variable capacitor as well as those of the storage capacitor.
Suitable values for voltage level and capacitance can minimize this energy loss. Figure 7-5 shows
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the equivalent circuit diagram of the device. C1 denotes the minimum value of the variable
capacitor, ready for discharge, while CS denotes the storage capacitor. V1 and VS are the voltages
of the C1 and CS before connecting the switch. Then, after discharge, the capacitors’ voltage is
given by:
𝑉2 =

𝐶1 𝑉1 + 𝐶𝑆 𝑉𝑆
𝐶1 + 𝐶𝑆

(7.7)

Figure 7-5. Equivalent circuit diagram of the energy harvesting device

Accordingly, the energy increment in CS upon the discharge is given by:
1
1
1
𝐶1 𝑉1 + 𝐶𝑆 𝑉𝑆 2
2
2
𝛥𝐸 = 𝐶𝑆 𝑉2 − 𝐶𝑆 𝑉𝑆 = 𝐶𝑠 [(
) − 𝑉𝑆 2 ]
2
2
2
𝐶1 + 𝐶𝑆

(7.8)

where 𝛥𝐸 also is the energy transferred from harvester to the storage capacitor. This variation is
equal to the net generated energy 𝐸𝐻𝑁 . Equation (7.8) shows that the maximum net energy transfer
occurs when CS >> C1 and
𝑉𝑆 =

𝐶𝑆 𝑉1
.
𝐶1 + 2𝐶𝑆

(7.9)
1

1

Since CS >> C1, therefore, approximately VS = 0.5V1 and 𝐸𝐻𝑁 = 2 𝐸𝐻 = 4 𝐶1 𝑉12 . This
calculation shows that maximum half of the generated energy in the energy harvesting device can
transfer to the storage capacitor CS while the storage capacitor is directly connected to the energy
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scavenger in a parallel configuration. On the other hand, a very large capacitor for CS can increase
the charging time to reach the ideal condition of the VS = 0.5V1 for optimum operation. Moreover,
large capacitance means a large-size capacitor which is not suitable for power harvesting
applications. For the simulated double-layer configuration with maximum 1-mm-air gap, energy
scavenger requires 70 cycles of operation to charge up the storage capacitor with Cs = 88.6 nF/cm2
(CS = 100* C1) to the optimum operation condition. Moreover, the extractable energy in this case
is 0.735 mJ/cm2 which is half the harvested energy (1.47 mJ/cm2).
7.5

Summary
This section presented a simple and efficient hybrid energy scavenger harvesting energy from

available thermal and mechanical energy sources of the human body. This device integrates a
solution-processed lead sulfide colloidal quantum dot photovoltaic device for harvesting thermal
radiation and an electrostatic generator for harvesting mechanical movements. The photovoltaic
device provides enough energy to polarize the variable capacitance of the device at the initial step
of each conversion cycle and variable capacitance dramatically improves the harvested energy.
The thin high permittivity dielectric layer at the variable capacitor magnifies the conversion
efficiency of the proposed device by offering high capacitance-variation ratio. Moreover, another
important benefit of the high permittivity dielectric layer is providing a smaller inter-electrode
distance. This is because of the high breakdown strength, therefore, the device can tolerate higher
electric fields, resulting in a significant increase in the stored energy density at the initial step and
thus in the overall harvested energy. Theoretical studies show that this hybrid structure improves
the conversion efficiency from 2.2 µW/cm2 in the case of the harvesting thermal radiation to 1.47
mW/cm2 by harvesting both thermal and vibration energies of the human body at an operating
frequency of 1 Hz. In this structure, oleic acid-capped PbS CQDs are considered as the dielectric
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layer for the variable capacitor. Moreover, it can be noted that the harvested energy can be
improved by increasing the vibration range of the electrodes and by increasing the operation
frequency. We also show that at most half the harvested energy can transfer to the storage capacitor
device in the presented configuration. The energy transfer efficiency can be improved by
incorporating a sophisticated low-consumption circuit.
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Chapter 8. Conclusion and Future Works
8.1

Conclusions
The main objective of this work is the development of an energy scavenger for harvesting

human body heat and mechanical movement.
Thermoelectric generators are widely used to harvest human body heat; however, a specific
mechanism is required to provide temperature gradient across the device. Moreover,
thermoelectric generators need to be attached to the body and absorb heat by conduction process.
This decrease its performance as a result of the thermal equalization. This work attempts to address
this problem by suggesting a possible solution. Here, a solution-processed photovoltaic device
based on colloidal quantum dots is introduced for harvesting thermal radiation of the human body.
Generally, normal photovoltaic devices cannot harvest thermal radiation of the human body
because the body emits photons with energy lower than the bandgap energy of the absorbing
material. However, the proposed photovoltaic device overcomes this limitation by activating
multi-photon absorption process through intentionally introducing mid-gap states to the quantum
dots. This is done by replacing the original oleic acid ligand with the isopropylamine ligand.
As the first step of the fabrication process, the charge-transfer performance of the new ligand
(isopropylamine) was investigated by fabricating an infrared photovoltaic and photodetector
device; which harvests and detects near-infrared photons carrying energy higher than the bandgap
energy of the individual quantum dots. The device illustrates the desired performance for
isopropylamine ligand.
As the next step, a new device architecture was proposed based on the Schottky contact to
investigate the ability of the isopropylamine capped lead sulfide quantum dots in harvesting
photons carrying energy lower than the bandgap energy of the incorporated quantum dots. The
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experimental results show that the device was able to harvest human body thermal radiation. As
mentioned, this phenomenon is attributed to the effects of the mid-gap states in harvesting low
energy mid- and long-infrared photons through multi-step photon absorption process.
Finally, to harvest both mechanical vibration and thermal radiation of the human body, this
work utilized a hybrid energy harvester based on the electrostatic generator and fabricated
photovoltaic device. Electrostatic generators are suitable for low vibration movement of the human
body; however, they need a start-up potential to initiate the conversion process. The conventional
methods for supplying the variable capacitor suffer from the complex fabrication process and
special design. This work addressed this problem by harvesting human body thermal radiation,
introduced earlier in this dissertation, and supplying the variable capacitor at each initial state of
the conversion cycle. Simulation results illustrate the effectiveness of this hybrid method in
harvesting energy from both mechanical movement and thermal radiation.
8.2

Future Works
For the future development of this research, the following areas could be further investigated

to improve this concept as a viable choice for future energy harvesting technology.
8.2.1 Improving the Fabrication Process of the Photovoltaic Device
Although the fabrication process of the photovoltaic device was performed in a suitable
condition, it deserves more attention to have better quality thin films and suitable packaging. Both
the packaging and fabrication process influence the overall performance of the device. In
particular, high-quality thin film deposition enhances the performance of the photovoltaic devices.
Generally, a densely packed thin film of PbS quantum dots without the presence of void during
deposition helps to improve charge transfer efficiency and the performance of the device. This
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requires special attention on the surface preparation, CQDs thin film deposition method, and ligand
exchange process. Moreover, a suitable package is required to prolong the device stability and
prevents PbS quantum dot oxidation.
8.2.2 Suitable Device Architecture for the Photovoltaic Device
The photovoltaic device was based on the Schottky contact and absorption layer was thick
enough to cancel the effects of the high energy photons. This structure was suitable to investigate
the effects of the mid- as well as long-infrared photons. The performance of the device can be
improved by optimizing the thickness of both the photosensitive area and device architecture.
Heterojunction architecture can improve the device efficiency by providing a suitable condition to
extract the photogenerated carriers.
8.2.3 Fabricating the Hybrid Energy Harvester
Energy harvester based on the hybrid structure composed of an electrostatic generator and the
photovoltaic device was simulated in this research. This simulation was conducted based on the
well-known phenomena of the electrostatic generator and experimental results of the photovoltaic
structure. The simulation results showed that hybrid structure can be a viable alternative to the
conventional energy harvesters. Accordingly, fabricating the device is valuable for real-life
applications in wearable or implantable devices.
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